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Preface 



The development and applications of optical chemical sensors and 
biosensors over the past two decades have been pursued with great 
interest by many researchers and have shown a tremendous growth 
and potential in employing such devices in many fields of application. 
These sensors require an interdisciplinary approach in that many 
scientific fields including spectroscopy, fibre optics and waveguides, 
optoelectronics, analytical chemistry and biochemistry, medicine 
and material science. The use of fibre optics and waveguides in sen- 
sors for advanced instrumentation is now well established and many 
novel integrated sensing systems, such as biochips, are now being 
developed. 

In an attempt to disseminate the growth in optical sensors for 
many application areas such as industrial, environmental and medi- 
cal diagnostics, several authors have been involved in producing this 
state-of-the-art type of monograph. This is the first book that is being 
published in a series on topics related to chemical sensors and bio- 
sensors by Springer- Verlag. The selection of topics and contributing 
authors for this first book on Optical Sensors have stemmed out of 
some of the excellent contributions made at the scientific sessions of 
the Europt(r)ode VI Conference that was held in April 2002 in Man- 
chester, United Kingdom. 

This book summarises various types of developments in optical 
sensor technology over the past two decades with an insight to future 
trends in this ever growing field. Chapter 1 reviews advances in this 
area using indicator probes and labels with a discussion of the fac- 
tors that has lead to the growth of optical sensors. Chapters 2 and 3 
reviews molecular recognition systems based on molecular imprints 
and new indicator dyes for sensing gaseous and dissolved analytes in 
the environment. Chapters 4 to 7 deal with aspects of optical biosen- 
sors and biochips for use in medical diagnostics and food analysis, 
while Chapters 8 to 15 discuss chemical transduction principles and 
optical sensor designs for monitoring analytes in industrial and envi- 
ronmental samples. These chapters illustrate a variety of transduc- 
er designs that have been investigated to date which include devices 
based on surface plasmon resonance, piezo-optic effects, integrated 
systems such as biochips, interferometric and array biosensors, and 
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involve analytical systems based on sensors with cross sensitivities 
and a biomimetic approach. Aspects of miniaturisation and automa- 
tion are also discussed in some chapters as required, thus providing 
information on a truly integrated approach for analytical measure- 
ments. Thus the topics presented in this book are wide ranging and 
somewhat diverse but all contributions focus on diagnostics type of 
analytical systems. 

This book is aimed at graduate students and researchers in 
academia and industry to provide knowledge on a group of devic- 
es based on a variety of optical detection techniques that are of novel 
trend in current measurements employed in analytical sciences. The 
authors, chosen from a list of multidisciplinary international team of 
researchers, are experts in their fields and are authoritative in respect 
of their contributions. The editors would like to express their sincere 
appreciation and gratitude to all authors for their efforts in prepar- 
ing excellent contributions as chapters for this book with a common 
but diverse focus on the optical systems employed for environmental, 
industrial and medical diagnostic applications. 

R. Narayanaswamy 8c O. Wolfbeis 
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CHAPTER 1 



Optical Technology until the Year 2000: An Historical Overview 

Otto S. Wolfbeis 



1 

Introduction 

This chapter reviews advances in the area of optical sensor technology using indi- 
cator probes and labels. It also presents an account of optical sensors based on 
the use of biomolecules and molecular receptors including molecular imprints. 
One may wonder why such progress has been made in the past 20 years. In the 
author’s opinion, this is due to several factors. These include the following: 

(a) New light sources have become available, including light- emitting diodes 
and diode lasers with their low power consumption and small size, both now 
spanning the entire visible range (LEDs even available with emission peaks at 
370 nm); 

(b) new photodiodes and CCDs have become available with hitherto unseen 
sensitivity for visible and near-infrared light; 

(c) the advent of fiber optics and of integrated waveguide optics with excel- 
lent transmission that extends far into the near infrared; 

(d) wave guides have become available that also transmit mid-infrared and 
infrared light; 

(e) fast detectors, oscilloscopes and log-in amplifiers are now available at low 
cost; these allow sensitive and highly time-resolved measurements; 

(f) new detection schemes including surface plasmon resonance, evanescent 
wave sensing have found their way into sensor technology; 

(g) fluorescence spectroscopies (which are so useful for sensing purposes) 
have become particularly widespread and include the measurement of fluores- 
cence (or phosphorescence) intensity, decay time, energy transfer, quenching 
efficiency, polarization, and allow gated measurements that can eliminate inter- 
fering background luminescence; 

(h) new biomolecular receptors (synthetic, made from plastic, or genetically 
engineered) are available that may be used for sensing purposes; 

(i) substantial progress has been made in nucleic acid chemistry and protein 
chemistry, including the immobilization of these biomolecules; 

(j) progress in polymer chemistry, which is particularly significant since pol- 
ymer chemistry plays a major role in optical sensor technology; this is partic- 
ularly true for sensor matrices, biocompatible materials, and new materials 
including composite polymers (e.g. for molecular imprints), hydrogels, and sol- 
gels; 
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(k) powerful data processors and data loggers have become available at 
affordable prices; finally, 

(l) it is believed that interdisciplinary teaching and interdisciplinary con- 
ferences like Eur op trade have contributed to an improved understanding and 
interaction between scientists involved in optical sensor technology. 

A few years ago [1] the following definition of optical chemical sensors was pro- 
posed: Chemical sensors are miniaturized analytical devices that can deliver 
real-time and on-line information on the presence of specific compounds or ions 
in complex samples. There are many ways to accomplish the goal of on-line and 
real-time sensing. However, the simplest way is to insert a sensor probe into the 
sample of interest so to obtain an analytical signal that can be converted into a 
concentration unit. Chemical sensors ideally act fully reversibly, as do physical 
sensors for temperature, pressure, and the like. This has been achieved in few 
cases only. It should also be noted at this point that the usual definitions of bio- 
sensors do not match the former definition of chemical sensors. In fact, clini- 
cians often refer to biosensors as single shot detection elements if reagents are 
immobilized on a solid support. It should also be kept in mind that sensors are 
expected to be small and to function even in complex samples and - ideally - 
without sample pretreatment. 

2 

Very Early History 

According to the Elder Pliny (23-79 AD), a papyrus test was in use in ancient 
Greece to detect adulteration of copper coins by iron. Coins were dissolved in 
acid and the presence of ferric ions was detected with a test strip impregnat- 
ed with an extract of certain apples. Tachenius, in 1629, applied this method to 
detect increased concentrations of ferric ion in urine. Also, filter paper impreg- 
nated with sodium carbonate was used in the early 19^^ century to detect uric 
acid, and pH test strips were obtained a little later by soaking filter paper with 
solutions of litmus (an extract of lichens such as Rocella tinctoria) and sub- 
sequently gently drying them. Test strips for aluminium (consisting of filter 
paper with a hydroxyflavone reagent that was impregnate) were introduced and 
analytically characterized by Goeppelsrieder in the late 19^^ century, and this 
appears to have been the beginning of more systematic research on chemically 
sensitive layers. Feigl [2] summarized the art of spot testing in his famous book 
which describes numerous tests for ions, gases and organic compounds and is 
still a valuable source. These tests were later named “dry reagent chemistries” 
[3], and much later they were referred to by many as “optical sensors”, even if 
good for a single shot test only. Times change. The first article on an enzymatic 
biosensor seems to be the one by Free et al. [4] in 1957, and the area of “immu- 
nosensors” (which are in fact irreversible) starts with the work of Ronbitaille et 
al. [5], if not earlier, and has had its greatest commercial success in optical preg- 
nancy testing. 
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Early History (up to about 1985) 

Most probably, the first optical chemical sensors for on-line (continuous) use 
where those for pH and for oxygen. It has been known for decades that cellulos- 
ic paper can be soaked with pH indicator dyes to give pH indicator strips; how- 
ever, the dyes leached out and these sensors thus were of the “single-use” type. 
The respective research and development work is not easily traced since it is not 
well documented in the readily accessible literature. However, in the 1970s, indi- 
cator strips became available in which pH indicator dye was covalently linked to 
the cellulose matrix, usually via vinylsulfonyl groups. These “non-bleeding” test 
strips allowed a distinctly improved and continuous pH measurement, initial- 
ly by visual inspection. In the late 1980’s instruments became available that ena- 
bled the color (more precisely the reflectance) of such sensor strips to be quan- 
tified and related to pH. Respective instruments are based on the use of LEDs 
and are small enough to be useful for field tests in that they can even be hand- 
help. In 1975, the immobilization of pH indicator dyes on glass was reported by 
Harper [6]. Azo dyes were linked to the surface of silicate glass (said to be more 
stable than cellulosic supports) that was rendered reactive by treatment with the 
reagent aminopropyl-triethoxysilane. 

The absorption (and reflectance) spectra of a common pH paper strip (e.g. 
the Merck Reflectoquant) displays absorption bands at about 460 nm (acid 
form) and 580 nm (base form), respectively. The orange band can be interro- 
gated by a blue LED, and the blue band by a yellow LED, thus enabling 2-wave- 
length ratio measurements. However, in the commercial instruments, a refer- 
ence signal obtained with an LED operated at about 670 nm is used to compen- 
sate for geometrical and scattering effects. This simple and low cost detection 
system is still superior to many of the complicated, if not expensive, pH sensors 
that have been described in the past 20 years. Commercial chemistries are avail- 
able for a variety of pH ranges and are compatible with fiber optic systems, and 
an affordable fiber optic pH sensing instrument is available now from Ocean 
Optics Inc. (FL). 

Optical sensing of oxygen started with the work of Kautsky and Hirsch in the 
1930’s. They reported [7, 8] that the room-temperature phosphorescence of cer- 
tain dyes adsorbed on silica gel supports is strong only in the complete absence 
of oxygen. Traces of oxygen quench phosphorescence. Specifically, silica beads 
were soaked with a solution of a dye such as trypaflavine or fluorescein, dried, 
and placed in a flow-through cell schematically shown in Fig. 1. The room tem- 
perature phosphorescence was monitored using a fluorometer and it was found 
that even ppm quantities of oxygen gas (equivalent to a po 2 of 0.5x10'^ Torr) 
were capable of quenching phosphorescence. The effect is fully reversible with- 
in 1-2 s. The device assisted in the discovery of the Kautsky effect, i.e. the delay 
in the production of oxygen following illumination of a leaf. 

This method was later used by Pringsheim et al. [9] and by Zakharov et al. 
[ 10] to monitor oxygen in seawater. The first complete optical sensor system was 
described by Bergman in 1 968 [11]. His system comprised a UV light source, an 
oxygen-sensitive fluorescent layer comprising a porous glass or polyethylene 
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H2 




Fig. 1. Configuration of Kautsky’s flow cell (1931). S, gas sample containing traces of oxy- 
gen; Hi and H 2 , valves; the sensor material is contained in the cavity on the bottom 
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Fig. 2. Configuration of Bergman’s oxygen cell (1968) 



film (soaked with the oxygen-sensitive dye fluoranthene), and a photodetector. 
Thus, it contained all the elements of a modern optical sensor. The fluorescence 
of fluoranthene is strongly quenched by molecular oxygen and this served as 
the analytical information. The system, shown in Fig. 2, responds to oxygen at 
levels above 1 Torn 

A few years later Stevens described, in a patent [12], a rather similar device. 
He also mentions the possibility of using a radioactive source rather than a UV 
light source to excite fluorescence. In 1974, Hesse [13] described a fiber optic 
chemical sensor for oxygen and this appears to have been the very first fiber 
optic chemical sensor (FOGS). An oxygen- sensitive chemistry was placed in 
front of a fiber optic light guide through which exciting light was guided. The 
fluorescence emitted is guided back through either the same fiber, or through 
the other fibers of a bundle. The system is based on measurement of either fluo- 
rescence intensity or fluorescence decay time, both of which are affected by oxy- 
gen. A schematic of the design is shown in Fig. 3. 
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Fig. 3. First fiber optic chemical sensor (Hesse, 1974) 



In 1975 and 1976, Lubbers and Opitz published three articles [14-16] to 
describe an instrument capable of online monitoring of oxygen or carbon diox- 
ide (CO 2 ). They first [15] referred to it as an optrode (by linguistic analogy to 
the electrode), and later [16] as an optode (omixoa 060a; Greek for the opti- 
cal way). While the detection scheme for oxygen was known, that for CO 2 was 
new. It resembles the Severinghaus electrode but makes use of an optical (flu- 
orescent) pH probe contained in a bicarbonate buffer and covered with a pro- 
ton-impermeable but C02-permeable membrane. Changes in the internal pH of 
a buffer as indicated by the pH probe. 

Lubbers and Opitz also were the first to show that their optode was useful for 
monitoring CO 2 and oxygen in biological samples and in enzyme-based bio- 
sensors, for example for ethanol [17]. It was obvious, however, that the indica- 
tor probes used (pyrenebutyric acid for oxygen; 7-hydroxy-4-methylcoumarin 
for PH/CO 2 ) were not ideally suited for sensing purposes. The dyes were lat- 
er replaced by decacyclene [18] and HPTS [19], respectively, both being excit- 
able by a blue LED. Extremely fast responding («50 ms) oxygen sensors were 
obtained by chemically immobilizing pyrenebutyric acid in the form of a very 
thin film on a glass support [20]. 

The late 1970s also saw initial investigations by Hirschfeld and co-workers 
[21-23] whose early work is difficult to trace since it is hidden in hardly accessi- 
ble conference proceedings. They used fiber optic light guides in order to mon- 
itor (by either absorbance or fluorescence) the concentration of chemical spe- 
cies such as uranium ion which in phosphoric acid solution displays intense 
fluorescence if excited by the 488-nm line of the argon laser. The method was 
mainly applied to nuclear power stations and research stations and is paral- 
leled by work on fiber optic sensing by Boisde [24, 25]. The fiber optic pH sen- 
sor described by Peterson et al. [26] in 1980 was a milestone in optical fiber sen- 
sor technology. A 2-volume book that appeared in 1991 gives an account of the 
early work on fiber optic chemical sensors and biosensors up to about 1989 [27]. 
Early reviews include those by Kirkbright et al. [28], Borman [29], and Hirsch- 
feld et al. [30]. 



6 Otto S. Wolfbeis 



4 

Optical Sensors for Gases (Including Dissolved Gases) and Organics 

Gases usually have no intrinsic absorption (except for the infrared where opti- 
cal fibers have poor transmittance) so that indirect methods have to be used. 
Some of the early work on oxygen has been described in the previous section. 
Later, Hendricks [31] described a method for detection of oxygen by contact- 
ing a film comprising polyethylene naphthalenedicarboxylate with oxygen and 
exposing this film to ultraviolet light. On subsequent heating, the presence of 
oxygen is indicated by thermoluminescence. Oxygen may also be monitored 
via the chemiluminescence produced by oxygen on reaction with an olefin [32]. 
Marsoner [33] dissolved pyrenebutyric acid in poly( vinyl chloride) containing a 
plasticizer. The material was deposited on acrylate glass. Particles of ferric oxide 
added in some cases acted as optical insulators to prevent interferences by the 
intrinsic fluorescence of samples. 

The value of phosphorescent ruthenium ligand complexes for use in opti- 
cal oxygen sensing was recognized in 1986 [34]. Ruthenium tris(bipyridyl) was 
adsorbed onto silica gel and placed in a silicone membrane. The material can be 
excited with a blue LED and displays a red emission that is strongly quenched 
by oxygen. Similar ruthenium dyes were reported by Demas and coworkers in 
1987 [35]. Since the ruthenium polypyridyl complexes have decay times in the 
order of a few microseconds, they are ideally suited for sensing based on meas- 
urement of decay time. The first article on the use of ruthenium complexes in 
luminescence decay time-based sensors appeared in 1988 [36]. 

Following the discovery that the fluorescence of metalloporphyrins is strong- 
ly quenched by oxygen [37], optical sensor membranes were developed that are 
suitable for phosphorescent sensing of oxygen [38]. In 1984, Peterson and co- 
workers described [39, 40] a fiber optic catheter that has been used to monitor 
oxygen in vivo. The sensor again exploits the quenching of fluorescence by oxy- 
gen, this time of a polycyclic aromatic hydrocarbon. Table 1 summarizes funda- 
mental articles on optical sensors for oxygen until the year 2000. 



Table 1. Fundamental contributions to optical oxygen sensor technology up to the year 
2000 (only the main author/s are given) 



Author 


Year 


Remarks 


Kautsky 


1931 


adsorbed dyes; discovers Kautsky effect 


Pringsheim 


1944 


sensing in biology; same as Kautsky 


Hesse 


1974 


fiber optic sensor; also measures decay time 


Lubbers 


1975 


quenching of PBA in teflon-covered solution; appl. to 
blood gas sensing 


Lubbers 


1978 


measurement of O 2 and CO 2 in guinea pig heart 


Peterson 


1980 


oxygen flow visualization (imaging) 


Lubbers 


1980 


alcohol biosensor (via AlcOx) 


Lubbers 


1981 


glucose biosensor (via GOx) 


Zakharov 


1981 


oxygen in seawater by Kautsky method 
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Author 


Year Remarks 



Lloyd 


1981 


via “residual luminescence of photobacteria” contained 
in silicone rubber membrane 


Kroneis 


1983 


sterilizable oxygen probe, benzo[g/zf]perylene as an 
oxygen probe 


Wolfbeis 


1984 


glass-immobilized oxygen probes (breath gas sensor) 


Peterson 


1984 


first fiber optic oxygen sensor 


Vanderkooi, Wilson 


1986, 


phosphorescent sensing; imaging; Pd-coproporphyrin; 
decay time 


Wolfbeis, Leiner 


1986 


ruthenium dyes in oxygen sensors 


Demas 


1987 


ruthenium dyes in oxygen sensors 


Lippitsch 


1987 


decay time based sensor (Ru) 


Leiner 


1987 


plastic support for sensor mass fabrication 


Wolfbeis 


1988 


first hybrid sensor (oxygen and CO 2 ) 


Okazaki 


1988 


frequency doubled diode laser (390 nm) used to excite 
the oxygen probe benzoperylene 


Nyberg 


1988 


metal oxide whose reflectivity reversibly changes with 

P02 


Butler 


1989 


oxygen via reflectivity of nickel film 


Gouterman 


1990 


barometry (pressure-sensitive paints) 


Moreno-Bondi 


1990 


fiber optic glucose biosensor (via oxygen) 


Li & Wong 


1991 


Pt complex as oxygen probe 


Demas, DeGraff 


1991 


multi-site quenching model (Stern- Volmer) 


Kraus, Israel et al. 


1991 


via phosphoresc. of pyronine in various polymers 


Papkovsky 


1991 


phosphorescent polymer films (porphyrins) 


MacCraith 


1992 


evanescent wave sensing using sol-gel 


Lubbers 


1992 


glucose via GOx and oxygen 


Baldini 


1992 


absorption-based fiber sensor (cobalt dye) 


Charlesworth 


1993 


oxygen via RTP phosphorescence of camphorquinone 


Troyanovsky, Sadovitskii 1993 


pressure sensing via luminescence (pressure-sensitive 
paints) 


Sanz-Medel, 

Diaz-Garcia 


1994 


oxygen via RTP phosphorescence quenching of ferrone 
chelates 


Preininger 


1994 


bacterial sensor (for BOD) 


Klimant 


1995 


microsensors 


Holst & Lubbers 


1995 


oxygen flux (“FLOX”) in skin 


Papkovsky 


1995 


ketoporphyrins (diode laser-compatible probes) 


Okura 


1997 


PtOEP in sol gel 


Weldon 


1997 


oxygen by absorption at 761 nm (singlet-triplet absorp- 
tion) 


Klimant 


1997 


high-resolution imaging of dissolved oxygen 


Hartmann 


1997 


oxygen flux lifetime imaging 


Weldon et al. 


1997 


oxygen at 761 nm via its singlet-triplet transition 


Campagna 


1998 


iridium complexes as oxygen probes 


Amao 


2000 


europium complex as a pressure probe (in fluoropoly- 
mer) 


Trettnak 


2000 


oxygen trace sensing (1 ppm in nitrogen) using Teflon 
AF polymer 
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Following the initial work of Lubbers and Opitz on optical sensors for carbon 
dioxide [14], a variety of other papers appeared. The group of Seitz [41] used a 
sensing material based on a solution of the indicator dye HPTS in by carbonate 
buffer, while Heitzmann and Kroneis [42] used polyacrylamide beads soaked 
with HPTS and carbonate buffer and dispersed in silicone. A fiber optic device 
was described by Vurek et al. in 1982 [43], and Munkholm et al. used a fiber optic 
system with covalently immobilized pH probes [44]. A few years later, a ruthe- 
nium complex was described whose fluorescence is quenched by carbon diox- 
ide due to formation of protons [45]. 

The “plastic type” C02-sensor differs from the Severinghouse-type sensor 
in that it does not require the presence of a carbonate buffer. Kawabata et al. 
described the first type of such a sensor [46]. Raemer and co-workers described, 
in a patent [47], a similar system, this time based on an ion pair and the addi- 
tion of a lipophilic base, both contained in a plastic matrix. This scheme was lat- 
er widely extended by Mills et al. [48]. The first ammonia sensors based on an 
acid-base chemistry were described at about the same time [49, 50]. 

Numerous other chemistries for specific gases have been described. Butler 
[51] designed a hydrogen sensor based on the ability of palladium metal (Pd) 
to absorb hydrogen gas, thereby undergoing an expansion. If the Pd forms the 
coating of an optical fiber, the effect changes - through bending - the effective 
path length of the fiber, and this is detected by interferometry. Later, the Pd/W03 
chemistry for hydrogen gas was applied to hydrogen sensing [52]. Exposure of 
this material (a palladium film on M0O3) to hydrogen results in the appearance 
of a deep blue color (possibly the Mo^'^ ion) that can be monitored at 780 nm via 
waveguide optics. The same effect is shown by molybdenum trioxide sputtered 
on glass supports and covered with a thin layer of Pd. 

The poorly reproducible Fujiwara reaction may be used for quasi continuous 
monitoring of chlorinated hydrocarbons as they can occur in drinking water 
[53]. Following Hirschfeld’s reservoir sensor for uranium (using phosphoric 
acid reagent) this appears to have been the second reservoir type of sensor. Car- 
bon monoxide (CO) can be sensed by the effect it exerts on a complex chemistry 
involving certain molybdates, ferric ion, organic anions (e.g. acetate), all con- 
tained in a polymer matrix [54]. A blue color is formed which is slowly revers- 
ible. A fiber optic sensor for nitrogen oxide was reported that uses a cyanocob- 
inamide as the optical probe which gives a coloration with NOx (and nitrite) at 
355 and 550 nm [55]. 

Unfortunately, no chemistries are available for less reactive gases such as 
nitrogen (to the dismay of the Guinness breweries!), and for many organics 
including aromatic hydrocarbons. Hence, hydrocarbons are usually detected by 
infrared spectroscopy in the gas phase, or - in the case of aromatic hydrocar- 
bons - by direct UV absorption spectrometry. The explosive trinitrotoluene was 
remotely detected via fiber absorption measurements making use of its color 
reaction with amines [56]. 
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5 

Opt(r)odes for pH 

As stated above, the beginning of optical pH sensor technology remains obscure. 
What is nowadays referred to as a sensor layer was formerly mostly referred to 
as a test strip, a dry reagent chemistry or an immobilized reagent. A general 
logic that is based on the immobilization chemistry of commercial reflectomet- 
ric test strips was presented and extended to various pH ranges [57]. Such sens- 
ing “chemistries” are easily produced and can been coupled to fiber optics. This 
enabled sensing to be performed at formerly inaccessible sites. Peterson et al. 
were the first to report a fiber optic pH sensor [39]. The system comprised plas- 
tic fibers, a pH chemistry at their end (composed of a cellulosic dialysis tubing 
filled with a mixture of polystyrene particles and polyacrylamide beads dyed 
with phenol red), LED light sources, and photodiodes. The system is operated at 
two wavelengths. Fig. 4 gives a schematic of the fiber tip. 
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Fig. 4. Configuration of the fiber optic pH sensor of Peterson et al. (1980) 



Table 2. Fundamental work on pH optical sensors until the year 2000 



Author 


Year 


Remarks 


G.B. Harper 


1975 


re-usable glass-bound indicators 


D.W. Lubbers et al. 


1977 


nanoencapsulated fluorescent pH indicators 


J.I. Peterson et al. 


1980 


first fiber optic pH probe 


S. Goldstein et al. 


1980 


miniature fiber optic pH sensor for blood 


Tait et al. 


1982 


fiber optic in vivo pH sensor 


L. A. Saari, W.R. Seitz 


1982 


pH sensor based on immobilized fluorescein 


N. Opitz & DW Lubbers 


1983 


optical sensor for pH and ionic strength 


J.S. Suidan et al. 


1983 


fiber optic pH sensor for blood 


0. S. Wolfbeis et al. 


1983 


evaluation of fluorescent pH indicators 


J. I. Peterson & G. Vurek 


1984 


fiber optic sensors for biomedical applications (review) 


G.F. Kirkbright et al. 


1984 


immobilization of pH indicators on ion exchange poly- 
mers (XAD) 


Z.Zhujun, W.R. Seitz 


1984 


first fluorescent pH sensor (HPTS) 


M.J. Goldfinch, C.R. 
Lowe 


1984 


solid phase optoelectronic pH sensor 


Abraham et al. 


1985 8c 

1986 


fiber optic pH probes 


D. R. Walt, F. P. Milanovi- 
ch, S. M. Klainer 


1986 


polymer modification of a fluorescent fiber optic pH 
sensor 
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Table 2. continued 


Author 


Year 


Remarks 


A.M. Scheggi, F. Baldini 


1986 


comparison of pH sensing by absorption reflection, 
and fluorescence 


B.A. Woods et al. 


1986 


optical pH sensing at low buffering capacity 


J.L. Gehrich et al. 


1986 


intravasular blood pH monitoring system 


J. Janata 


1987 


a critical review on the accuracy and precision of opti- 
cal pH sensors 


E. Grattan et al. 


1987 


2-wavelength optical fiber pH sensor 


Y. Kawabata et al. 


1987 


fiber optic pH sensor with monolayer indicator 


B.Boisde, J.J. Perez 


1987 


miniature pH sensor (1 mm) 


D.M. Jordan et al. 


1987 


pH sensor exploiting FRET 


M. Monici et al. 


1987 


pH sensor for seawater monitoring 


0. Wolfbeis, H. Marhold 


1987 


pH indicators for an extended range 


J. W. Attridge et al. 


1987 


pH sensing via refractive index 


D.M. Jordan et al. 


1987 


pH sensor based on energy transfer 


T.P. Jones, M.D. Porter 


1988 


immobilization of pH indicators on cellulose acetate 


E.T. Knobbe et al. 


1988 


immobilization of pH probes in sol-gels 


H.E. Posch et al. 


1989 


gastric pH sensor (pH 0-7) 


WP. Carey 


1989 


sensor for high acidities 


B.H. Schaffar,O.S. Wolf- 
beis 


1989 


Langmuir-Blodgett sensing films 


W. Carey, B.S. Jorgensen 


1991 


sensor for high acidities based on fluorescent polymers 


G. Gabor, D.R. Walt 


1991 


pH sensing via inner filter effects 


M.E. Lippitsch et al. 


1992 


first time domain fluorescent pH sensor 


WTan et al. 


1992 


submicrometer intracellular pH sensor 


T. Werner, O.S. Wolfbeis 


1993 


optical sensor for pH 10-13, new support material 


Z. Ge et al. 


1993 


fiber optic evancescent wave sensor using polyaniline 


J.W Parker et al. 


1993 


pH sensor using the self referencing dye SNARF 


G.J. Mohr, O.S. Wolfbeis 


1994 


azo indicators immobilized via vinylsulfonyl groups on 
cellulose films (on polyester support) 


M.F. McCurley 


1994 


pH sensitive hydrogel 


K.S. Bronk, D.R. Walt 


1994 


pH sensor array using fiber bundles 


W.C. Michie et al. 


1995 


distributed pH sensor using fiber optics and swellable 
polymers 


R. Koncki et al. 


1995 


pH sensor using near-infrared dye in PVC 


S.G. Schulman et al. 


1995 


white range pH sensor based on photodissociation 


Z. Zhang et al. 


1995 


pH sensor based on reflectance of swelling polymer 


M.N. Taib et al. 


1996 


pH sensor range extended via artificial neural network 


S. de Marcos, O.S. Wolf- 
beis 


1996 


polypyrrole films as pH sensor materials 


D.B. Papkovsky et al. 


1997 


PVC sensor membranes containing porphyrins 


T. Werner et al. 


1997 


PET pH sensor 


A. Safavi, H. Abdollahi 


1998 


optical sensor for high pH 
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As the potential of optical fiber probes for pH measurements was rapidly rec- 
ognized, several other articles appeared within a few years [58-66]. Most were 
reflectance-based, and Seitz reported the first fluorescent pH sensors [41, 61]. 
The article by Janata [67] on whether pH optical sensors can really measure 
pH is another “must” in the early literature since it points out aspects hardly 
addressed in pH sensor work. The dependence on ionic strength is an intrinsic 
limitation of pH sensors using indicator dyes. Opitz and Lubbers [68] and Offen- 
bacher et al. [69] have presented solutions to this by making use of two indica- 
tors whose piCa dependency on ionic strength is different, so that two independ- 
ent signals are obtained from two dyes or sensors. Given the advantages of diode 
lasers operated at wavelengths above 600 nm, corresponding pH probes were 
used [70]. The fundamental work on pH sensors before the year 2000 is summa- 
rized in Table 2. A good review has recently been written by Lin [71]. 

6 

Optical Sensors for Ions 

It appears that Charlton et al. [72, 73] discovered the first methods for reversi- 
ble and continuous optical measurement of clinically highly important ions. In 
one approach [72] they use plasticized poly( vinyl chloride) along with valino- 
mycin as the ion carrier, and a detection scheme that was later referred to as co- 
extraction. In their system, potassium ion is extracted into plasticized PVC, and 
the same quantity of the anionic red dye erythrosine is co-extracted into it. The 
extracted erythrosine is quantified via absorbance or reflectance. 

Charlton et al. were also the first to utilize the ion exchange principle in sen- 
sors [73]. Again they used a plasticized PVC film containing valinomycin and 
- in addition - a deprotonable dye (MEDPIN; a lipophilic 2,6-dichlorophe- 
nol-indophenol). On extraction of potassium into the membrane a proton is 
released from MEDPIN which then turns blue. The sensor layer measures potas- 
sium over the clinical range with excellent performance [74-76]. This scheme 
proved to be highly flexible. The dye used in the commercial system is superior 
(in terms of stability) to other dyes such as Nile Blue that have later been applied 
in the ion exchange detection scheme. Its chemical structure is shown in Fig. 5. 

It has been known for many years that heavy metals can be detected quali- 
tatively by immobilizing indicator dyes on solid supports such as cellulose. In 



Cl 





Fig. 5. Chemical structure of the deprotonable dye MEDPIN used in commercial potassi- 
um sensor strips. On deprotonation its color changes to blue (1982). It is interesting to note 
that this dye has been used much less often in scientific work than, for example, certain Nile 
Blue derivatives even though it is much more (photo) stable than the latter 
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fact, this approach forms the basis for the widely used test strips for heavy met- 
als. Numerous schemes have been described for heavy metals in the past 20 
years [for reviews, see 77-79]. On looking at the more recent literature one may 
state, however, that some of the newly described “chemistries” perform hardly 
any better than the rather old commercial systems based on the use of dry rea- 
gent chemistries, with the additional advantage that they are compatible with a 
single instrument. In fact, some of the newer systems involve rather extensive 
chemistry and - worst of all - seem to strongly differ in terms of spectrosco- 
py and analytical wavelengths so that they all require their own opto-electronic 
platform. On the other hand, there is a pressing need for (low-cost) sensors for 
less common species, and those for AP+ [80] and certain heavy metals [81] are 
typical examples. 

While heavy metals can be easily detected by making use of known indica- 
tor dyes or quenchable probes, the alkali and alkaline earth elements are not 
easily recognized by conventional dyes at neutral pH and room temperature, 
and without addition of reagent. Therefore the molecular recognition proper- 
ties of crown ethers and cyclic peptides have been widely used. The first stud- 
ies were performed by co-extraction of ions from water into chlorinated hydro- 
carbons, but later on the reagents were immobilized in PVC [82]. The Amberlite 
ion exchanger (of the XAD type) is another widely used matrix for immobiliz- 
ing indicator probes [83]. 

Crown ethers have excellent recognition properties and can recognize numer- 
ous ions including alkali ions. Unfortunately, those synthesizing crown ethers 
tend to investigate their properties in organic solutions such as acetonitrile and 
then claim that the findings may be useful for sensing alkali ions, thus ignor- 
ing the fact that alkali ions are usually sensed in aqueous solutions (including 
blood) where binding constants are often very different. An interesting scheme 
for an optical sensor for sodium based on ion-pair extraction and fluorescence 
was introduced by the Seitz group [84]. 

The chromo- and fluoro-ionophores form a particularly interesting class of 
probes since they can combine recognition properties with optical transduction 
such as changes in color or fluorescence. Chromo-ionophores have been used in 
clinical test strips for K+ since 1985 based on the work of Voegtle [85] and oth- 
ers. The fluorescence of many fluorophores is particularly sensitive to perturba- 
tions of their microenvironment. For example, photo-induced electron transfer 
(PET) can be suppressed on binding of alkali ions. This has been demonstrat- 
ed in impressive work by the groups of Valeur [86] and DeSilva [87]. The sup- 
pression of a PET effect in a naphthalimide system as described by DeSilva led 
to the fluoro-ionophores given in Fig. 6. Most noteworthy, the fluoro-ionophores 
are contained in a hydrophilic rather than hydrophobic matrix. The fluoro-iono- 
phores are used in Roche’s Opti-1 clinical electrolyte analyzer [88]. 

A novel approach for ion sensing based on the use of potential-sensitive or 
polarity-sensitive dyes (PSDs) was presented in 1987 [89]. PSDs are charge dyes 
and typically located at the interface between a lipophilic sensor phase and a 
hydrophilic sample phase. The transport of an ion into the lipophilic sensor lay- 
er causes the PSD to be displaced from the hydrophilic/hydrophobic interface 
into the interior of the respective phase (or vice versa), thereby inducing a sig- 
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sample flow 




PSD (fluorcscen* dye) 
Hypaii hydrogel 

plastici/er (Iroplet 



enlarged drawing of droplet: 




A) before exposure to nitrate B) after exposure to nitrate 



Fig. 7. Schematic representation of the function of a sensor for anions based on the use of 
a polarity (or potential) sensitive dye (PSD). Top: Cross section of a sensor membrane con- 
taining an emulsion composed of two types of polymers. The first (e.g. Hypan hydrogel) is 
predominantly hydrophilic, the second is a hydrophobic plasticizer that forms small drop- 
lets and contains a hydrophilic cationic dye (the PSD) . The anion (e.g. nitrate) penetrates 
the hydrogel layer, and is carried into the plasticizer by the ion carrier. For reasons of elec- 
trical attraction, the PSD is displaced from the interface of the droplet to its interior, there- 
by undergoing a large change in its fluorescence intensity and decay time. Bottom: Sche- 
matic representation of the micro-environment of the PSD DiA before (A) and after extrac- 
tion of nitrate (B) from the hydrogel (mainly aqueous) phase into the plasticizer droplet. 
The PSD is displaced from the interface (where it is weakly fluorescent) into the interior 
where it is strongly fluorescent 



nificant change in its fluorescence properties [90-92]. The scheme is outlined 
in Fig. 7. It is applicable to both cations and anions. Thus, nitrate can be sensed 
in concentrations such as occur in drinking water [93]. Such sensors have the 
unique advantage of having a virtually pH-insensitive response. 

Anions were also detected by co-extraction (“anion in - proton in”) using 
phase transfer agents such as tetraalkylammonium salts [94-97]. In contrast 
to extraction processes on electrodes, those occurring in optical sensor mem- 
branes require complete mass transfer. The scheme can be made pH-independ- 
ent [98]. The fact that halides and pseudohalides quench the fluorescence of 
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certain dyes as reported by Stokes in 1869 (99) was used to optically sense hali- 
des [100]. The ion exchange principle was used to design the first enantio-selec- 
tive ion sensor [101]. It displays selectivity due to the use of an enantio-selec- 
tive carrier. 

7 

Enzyme-Based Biosensors 

The chemical sensors described so far, and also those for ammonium ion and 
ammonia, can be used to monitor enzymatic reactions. The first enzyme-based 
biosensors were described by the Lubbers group [102, 103] and made use of an 
oxygen transducer and glucose oxidase. In the following years numerous kinds 
of optical sensor membranes have been designed for monitoring reactions that 
are accompanied by the production of low molecular weight species such as 
CO 2 , NH 3 /NH 4 ^, NADH, or H 2 O 2 , and by the early 1990’s an impressive varie- 
ty of detection schemes was available for enzyme substrates [104, 105]. These 
are summarized in Table 3. Many more have since become known but are not 
included in this Table. 

Later it was discovered [106] that the FAD coenzymes of certain oxidases dis- 
play large changes in their fluorescence if exposed to their substrates. Thus, the 
fluorescence of the FAD unit of lactate mono-oxygenase changes substantially 
on loading with lactate, and this can serve as the analytical information in an 
optical sensor. Subsequent work showed [107, 108] that not only enzyme sub- 
strates, but also enzyme activity may be detected via fiber optics if they con- 
tain a nonfluorescent enzyme substrate at the tip. On exposure to an enzyme, 
the nonfluorescent substrate is converted into the fluorescent product, and this 
is “seen” by the fiber optic system. Inversely, a chromogenic substrate may be 
assayed via immobilized alkaline phosphatase [109]. Finally, the inhibition of 
enzymes by pesticides and warfare agents can be detected using fiber optics 

[110] . In an extension of this scheme, the biochemical oxygen demand has been 
measured by coupling an oxygen-sensitive membrane to immobilized bacteria 

[111] . Goldfinch et al. [112] have exploited the effect of human serum albumin 
on the piCa of immobilized pH probes to design a solid-state sensor for HSA. 

8 

Fiber Optic Systems 

The availability of high quality fiber optic light guides facilitated the devel- 
opment of the respective chemical sensors. In principle, any sensing chemis- 
try can be used to modify the surface or tip of a fiber optic system or integrat- 
ed waveguide. Fiber optic sensors enable measurements to be performed in 
samples that cannot be placed inside an optical meter. The articles published 
by Hesse, Hirschfeld, Boisde, and Peterson (as discussed in Section 2) are fun- 
damental. A sterilizable oxygen sensor with a rod-like fiber waveguide for use 
in bioreactors was reported in 1983 [113]. However, such sensors (with diame- 
ters of >1 mm) are too large to be of use as non-traumatic sensors. Fiber optic 
microsensors for oxygen, pH and CO 2 were described first in 1984 [114, 115]. 
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Table 3. Optical biosensors for enzyme substrates, and respective transducers (work pub- 
lished until 1992). Data on work by Schaffar & Wolfbeis from ref. [104]. For a recent review 
see ref. [105] 



Analyte (substrate) Enzyme 


via 


Reference 


alcohols 


alcohol dehydrogenase 


NADH 


Walters et al., 1988 


alcohols 


alcohol oxidase 


02 


Volkl et al., 1980; Wolfbeis 
& Posch, 1988 


glucose 


glucose dehydrogenase 


NADH 


Narayanaswamy & Sevil- 
la, 1988 


glucose 


glucose oxidases 


pH 


Goldfinch & Lowe, 1984; 
Trettnak et al., 1989; Kulp 
et al., 1988 


glucose 


glucose oxidases 


O 2 


Volkl et al., 1980; Trettnak 
et al., 1988; Kroneis et al., 
1987; Schaffar & Wolfbeis, 
1990; Dremel et al., 1989; 
Moreno-Bondi et al., 1990 


lactate, pyruvate 


lactate dehydrogenase 


NADH 


Wangsa & Arnold, 1988 


lactate 


lactate oxygenase 


02 


Dremel et al., 1989 


lactate 


lactate mono-oxygenase 


02 , CO 2 


Lubbers et al., 1981; Tret- 
tnak & Wolfbeis, 1989 


creatinine 


creatinine iminohydrolase 


NH 4 + 


Wolfbeis & Li, 1991 


carboxy esters 


esterases 


pH 


Luo & Walt, 1989 


urea 


urease 


NH 3 /NH 4 + 


Rhines & Arnold, 1989; 
Wolfbeis & Li, 1991 


urea 


urease 


pH 


Goldfinch & Lowe, 1984; 
Luo 8 c Walt, 1989 
Yerian et al., 1986 


glutamate 


glutamate oxidase 


O 2 


Dremel et al., 1991 


glutamate 


glutamate ecarboxylase 


CO 2 


Dremel et al., 1991 


oxalate 


oxalate decarboxylase 


CO 2 


Schaffar 8 c Wolfbeis, 1991 


phenols 


phenolase 


O 2 


Schaffar 8 c Wolfbeis, 1991 


sulfite 


sulfite oxidase 


O 2 


Schaffar 8 c Wolfbeis, 1991 


penicillin 


penicillinase 


pH 


Goldfinch 8 c Lowe, 1984; 
Kulp et al., 1987 


bilirubin 


bilirubin oxidase 


O 2 


Schaffar, 1988; Trettnak, 
1989 


ascorbate 


ascorbate oxidase 


O 2 


Schaffar, 1988 


uric acid 


uricase 


O 2 


Schaffar 8 c Wolfbeis, 1991 


xanthine 


xanthine oxidase 


O 2 


Volkl et al., 1980 


cholesterol 


cholesterol oxidase 


O 2 


Trettnak 8 c Wolfbeis, 1990 



True microsensors, with diameters of <50 pm were first reported in 1995 [116, 
117] and enabled submillimeter resolution studies in marine microbiology. 
This kind of oxygen sensor is commercially available now (Fig. 8) and has found 
widespread application in biological and marine research. 

The first nanosensors were reported soon after by Kopelman et al. (118), 
including one for NO [119]. It needs to be stated, however, that in these nano- 
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Fig. 8. Fluorescence photograph of the 20-pm fiber tip of the Microx'^^ fiber optic oxy- 
gen sensor displaying the strong fluorescence of the oxygen probe immobilized at the tip 
of the fiber 



sensors it is only the exciting light that is guided via fibers to the area to be ana- 
lyzed, but not the emitted light. 

9 

Signal Referencing 

Practically all early optical sensors measured just the intensity of absorbed, 
reflected, or emitted (fluorescent) light. Unfortunately, the intensity of the light 
detected by the photodetector also depends on factors other than the concentra- 
tion of an analyte. These include the intensity of the light source and the sensi- 
tivity of the photodetector, and also interfering effects such as stray light, tem- 
perature, background luminescence (from both the sample and the materials 
employed), and fiber bending. Therefore, referenced detection schemes are pre- 
ferred. Among those, the measurement of fluorescence decay time is a superb 
parameter but can be applied to fluorescent systems only. 

Two -wavelength referencing is among the most effective methods and can 
be applied both to absorbing/reflecting and fluorescent/phosphorescent chem- 
istries, provided two bands appear in either absorption, excitation, or emission. 
It is fairly simple and can account for many drifts including photobleaching. 
While pH probes usually display 2 absorption or emission bands which ena- 
bles 2-wavelength referencing (see above), this is not the case for oxygen probes. 
Seitz was the first to introduce ratiometric (2-wavelength) oxygen indicators 
[120]. In the absence of a second band, a reference dye may be added [115] 
which, however, needs to display the same leaching and bleaching features as 
the indicator dye. Fluorescence polarization is another intrinsically self-refer- 
enced parameter. 

A highly attractive referencing scheme was introduced in 1998 by Klimant et 
al. [121]. It was termed dual luminophore referencing (DLR) and makes use of 
two dyes, one being the indicator, the other being inert and usually contained 
in polymer nanoparticles. Unlike in the 2-wavelength ratiometric approach, the 
DLR scheme is not based on the measurement of intensity but rather of a phase 
shift that is modulated by the varying contributions of the amplitude of the 
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Fig. 9. Dual Lifetime Referencing (DLR). Top: phase signal of the overall (measured) lumi- 
nescence (Am) composed of the signal from amplitude reference dye (Xref) and that from 
the indicator dye (Aind); since the fluorescence of the indicator dye is relatively strong, the 
phase shift between Aref and A^ is relatively large. Bottom: phase signal of the overall 
(measured) luminescence (A^) composed of the signal from amplitude reference dye (Aref) 
and that from the indicator dye (Aind); since the fluorescence of the indicator dye is relative- 
ly weak, the phase shift is small (Klimant et ah, 1999) 



indicator dye to the total signal amplitude. Fig. 9 shows a schematic of the DLR 
method. In practice, the reference dye is added to the sensor chemistry in the 
form of a dye having a long decay time (e.g. a ruthenium-ligand complex) and 
incorporated into a polymer (e. g. polyacrylonitrile) that shields the dye from 
interferences such as quenching by other chemicals. 

An attractive feature of this scheme is its applicability to any indicator-based 
sensing scheme, independent of whether it is based on absorption or fluores- 







1 Optical Technology until the Year 2000: An Historical Overview 1 9 



Table 4. Methods for referencing fluorescence signals, and their respective advantages. 
Symbols: (++),well compensated; (+), partially compensated; (-),not compensated for 



A: Interferences caused by the instrumental system 






Interference two wave- 
caused by length 

(2-A) 


r (time 
domain) 


T (frequency Aniso- 
domain) tropy 


DLR (time DLR (frequency 
domain) domain) 


optical com- - 
ponents 


++ 


-h 


- 


4- 


4- 


electronics -H-i- 


- 


-1- 


+4- 


- 


4- 


instrumental -i- 
drift 


++ 


-H-}- 


4- 


4--H 


4-4- 


misalign- ++ 

ment of 
fibers 


4-+ 


-H+ 


4-4- 


4-4- 


4-4- 



B: Interferences caused by the sample 



Interference 


Two wave- r(time 


r (frequency Aniso- 


DLR (time DLR (frequency 


caused by 


length domain) 

(2-A) 


domain) tropy 


domain) 


domain) 


background 
fluorescence 
(sample and 
optical sys- 
tem) 


4- 








light scat- 
ter by turbid 
samples 


-H 4-4- 


-h-H 


4-4- 


4-4- 


intrinsic 

color 


4-4- 


4--H + 


4- 


4- 



C: Effects caused by the sensor chemistry 



Interference Two wave- r (time r (frequency Aniso- DLR (time DLR (frequency 



caused by 


length 

(2-A) 


domain) domain) 


tropy 


domain) domain) 


dye leaching 
& bleaching 


- 


4- 4- 


4- 


- 


inhomo- 
geneous 
dye loading 


4- 


4--H -H4- 


-H 


4- -H 



cence. It is mandatory, though, that the two dyes used have at least partially 
overlapping absorption and emission bands, and that the concentration ratio 
of inert (reference) dye to total indicator dye remains constant. An additional 
requirement for DLR to work properly is that the two dyes have to have wide- 
ly different decay times, typically by a factor of >300. The DLR scheme can be 
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applied in the frequency domain, the time domain, and in polarization [122]. It 
also is applicable to imaging, as will be shown later. Several gases and ions, but 
also seawater salinity have been sensed with superb precision and sensor stabil- 
ity. Table 4 summarizes the methods often used for referencing optical signals, 
and their respective merits. 

10 

Optical Sensing Schemes 

All early tests were read visually. Often the color was (and is) compared with a 
color chart. Results can be surprisingly precise, occasionally better than ±10%. 
Instrumental quantitation of test strips, dry reagent chemistries, or sensor 
strips is frequently performed by reflectometry, less so by fluorescence, and 
hardly by absorption, simply because all commercial supports are nontrans- 
parent. Fluorescence is much less easily read-out than color. The law of diffuse 
reflectance was established by Kubelka and Munk [123] in 1931 and forms the 
basis for data processing in most instrumental readers. Unlike in absorption or 
fluorescence, diffuse reflectance involves interaction of light with both the rea- 
gent and the matrix (or particles), so that both the physical form of the support 
and the color of the reagent determine signal intensity. 

Most sensors are based on layers composed of a support material and a more 
or less selective “chemistry” deposited thereon or therein. Sensor layers can be 
deposited in various ways. Often they have been placed directly in the (sterile) 




OVERCOATING 

(OPnONAU 



SENSING 

CHEMISTRY 



[MMOBILIZATION 

CHEMISTRY 



SUBSTRATE 



□lODE " DIODE 

DCTECTOR DETECTOR 

0 



LED 

Fig. 10. Referenced waveguide chip package containing an LED light source, a sensor 
“chemistry” and 2 photodiodes. Light is split into two paths that pass through the two iden- 
tical chemistries, one exposed to the analyte, the other not. The chemistry is immobilized 
on a solid substrate via an immobilization chemistry and, in one case, made insensitive by 
an overcoat (1997) 
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sample compartment, for example in the form of a disposable kit that can hold a 
blood sample. They also have been placed in flow-through cells that act as sam- 
ple compartments [124, 125], in disposable cuvettes with integrated sensor lay- 
ers [126], in microtiter plates to form a sensor layer on the bottom of a well [127, 
128], and inside hollow waveguides [129]. A smart sensor chip was presented by 
Texas Instruments [130]. It includes an LED light source, a photodiode, a chem- 
ically sensitive waveguide and an inert reference waveguide. It is schematical- 
ly shown in Fig. 10. 

The most common way for sensor materials to be deposited is in the form of 
a planar layer, mostly inside a flow-through cell or a sample compartment. The 
sensor is then interrogated (often via optical fiber cables) from outside through 
a transparent window. Figure 11 shows the instrumental arrangement of the 
commercially most successful optical chemical sensor between 1984 and 2000. 
It is widely used to monitor pH, pcoi and po 2 during cardiopulmonary bypass 
operations [124] and contains 3 fluorescent spots, each sensitive for one param- 
eter, in contact with blood. Fluorescence intensity is measured at two wave- 
lengths and the signals are then submitted to internal referencing and data 
processing. 




thermistor 



PO2 SEMSOR 



TEMPERATURE CONTACT 




DISPOSABLE SENSOR 

CO2 SENSOR 
pH SENSOR 




Fig.n. Schematic of the GasStat™ system for continuous fluorescent monitoring of blood 
gases and pH in blood during cardiopulmonary bypass (Gerhrich et al., 1994) 
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Sensor layers may, however, also be deposited in (and on) waveguides and 
even form the cladding of a fiber core. In the late 1980s, a sensing method known 
as distributed sensing became known [131-133]. It makes use of the fact that 
instruments are available that allow for highly time resolved measurements - 
for example via optical time domain reflectometry (OTDR). In this scheme, the 
sensing chemistry is deposited (in the form of small spots) on the core of fiber 
optics at certain distances. The echo from these sensor spots following a pulse of 
light from a central station is monitored via OTDR or OTD fluorescence. 

It became obvious in the late 1980s that optical sensors may just as well be 
arranged in the form of bundles or arrays. On the one hand, they can yield mul- 
tiple information which is needed in many situations. On the other, they can 
help to overcome non-selectivities. Thirdly, arrays are needed in proteomics 
and genomics. In 1988, Smardzewski [134] introduced a multi-element optical 
waveguide sensor as a general format for multi-analyte sensing, and also rec- 
ognized the potential of applying pattern recognition methods. Gehrich et al. 
reported triple sensors for blood gases [115], and Waifs group reported on fib- 
er arrays for genomic screening [135]. 

The problem of the diversity of optical schemes and analytical wavelengths 
has limited the applicability of chemical sensors in arrays where only a sin- 
gle type of light source is normally available. Instruments that are designed to 
report more than one parameter therefore have to have spectrally “matched” 
chemistries. The blue LED is most often used in blood gas analyzers, and a con- 
sistent set of luminescence decay time-based chemical sensor materials for clin- 
ical applications has been presented [136] for a variety of parameters, all based 
on the measurement of the luminescence of ruthenium probes partially linked 
to other sensing schemes, e.g. via resonance energy transfer. 

Sensing two species at the same time became of interest in view of the pos- 
sibility of spectral or frequency multiplexing. The first sensors to measure two 
species simultaneously with one sensor layer were reported for the case of 
CO 2 /O 2 [137], for halothane/oxygen [18], glucose/oxygen [138, 139], and dif- 
ferent halides [140]. The first scheme was based on the finding that two indi- 
cator chemistries can be placed in one sensor layer, both being excitable by the 
same LED but displaying highly different (green and red) emissions. The second 
approach makes use of permeation-selective layers. Teflon, for example, is per- 
meable to oxygen but not to halothane. Two sensors have to be employed, one 
covered with teflon, the other not, and two signals are obtained that can be proc- 
essed to give information on the concentration of either species. 

Catalytic sensors make use of a catalytic reaction that leads to products that 
are more easily detected than the analyte itself. A sensor containing an inor- 
ganic catalyst (Mn 02 ) on the surface of an oxygen sensor was used to monitor 
hydrogen peroxide [141]. The metal oxide decomposes hydrogen peroxide, and 
the increase in oxygen partial pressure can be related to the H 2 O 2 concentration, 
provided oxygen partial pressure is kept constant or its variation is compensat- 
ed for. Obviously, enzyme-based biosensors for substrates (see Section 6) also 
fall into the category of catalytic sensors. 

Chemically sensitive coatings have been placed inside capillaries that can 
serve both as light guides and as flow-through cells, the inner sensing layer 
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being excited by the evanescent field of a light beam propagating through the 
walls of the capillary [142]. Lieberman and Brown [143] have presented intrin- 
sic fiber optic sensors based on two-stage fluorescence coupling, a generic tech- 
nique for chemical sensing and leading to a more than 100-fold increase in cou- 
pling of photons from a chemically sensitive coating into the guided mode of a 
fiber optic waveguide. 

Another interesting form of spectroscopy for use in optical sensor technology 
was presented by Okura and Amao [144]. It is based on the measurement of the 
reflectance of an indicator whose triplet state is easily populated and whose tri- 
plet-absorption can measured as a function of quenching efficiency of oxygen. 
It enables the monitoring of any quenching process by measuring the reflectiv- 
ity of this triplet state. In addition it enables the use of non-luminescent indi- 
cator dyes for the determination of species like oxygen which so far was most- 
ly detected via quenching of luminescence. The finding that oxygen quenches 
the excited state complex (exciplex) formed between pyrene and perylene can 
increase the efficacy of quenching by oxygen (and thus the sensitivity of respec- 
tive sensors) but the effect still awaits explanation [145]. 

The effect of photo-induced electron transfer (PET) has attracted consider- 
able attention since it is often observed in supramolecular systems as they are 
applied in sensor technology. PET usually occurs intramolecularly and involves 
the transfer of an electron from one moiety in a supramolecular system to 
another, typically over distances of maximally 3 nm. It is accompanied by the 
quenching of the fluorescence of the acceptor moiety. Such systems are some- 
times referred to as switches, but in fact they are not since there is no strict tran- 
sition between fully “on” and fully “off” as in true switches. The PET scheme has 
been applied to sense ions (pH, metal ions), and carbohydrates. Pioneering work 
has been presented by several groups including those of Czarnik [146], De Sil- 
va [147],Diaz-Garcia [148],Fabrizzi [149],Shinkai [150],Tsien [151],and Valeur 
[ 86 ]. 

11 

Materials for Optical Chemical Sensors and Biosensors 

Material science plays a major role in the design and fabrication of optical 
chemical sensors. Materials include polymers (including sol-gels), plasticiz- 
ers, composite materials, plastic supports, molecular imprints, and of course ion 
carriers and indicator probes. Hydrophobic polymeric matrices have been used 
to sense gases such as oxygen and CO 2 , while hydrophilic matrices were used to 
sense pH, ions, and water-soluble enzyme substrates such as glucose or lactate. 
Among the hydrophilic materials, the polyurethane hydrogels [137, 152, 153] 
and the Hypan hydrogels (polyacrylonitrile-co-polyacrylamide) [154] possess 
unique properties and have often been used in our research. 

Two types of immobilized reagents need to be distinguished. The first type 
consists of physically immobilized (or entrapped) components, dissolved, for 
example, in silicone rubber [18, 68, 113], polyethylene [11], ethyl cellulose [48; 
also used in Boehringer’s ions sensors], plasticized poly(vinyl chloride) [95, 
96], fluoropolymers [144], or adsorbed on silica particles [34]. The other type 
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is based on chemical (covalent) immobilization of dyes and additives, e.g. on 
glasses and sol-gels, cellulose, hydrogels, poly(acrylamides), metal surfaces such 
as aluminum, and the like. Most of these materials were known by the year 1990 
[27] but were often re-invented later. 

Optical sensor layers are rather thin and usually are not easy to handle. Hence, 
solid but inert supports were sought. The first supports were usually glasses 
and the like. Leiner et al. have shown that for many applications poly (ethylene 
terephthalate) supports (Mylar) such as are used for making photographic films 
were found to be ideally suited [34, 50, 1 1 1, 137, 138, 154]. Commercial polyester 
layers with gelatine or cellulose coatings (as used for ink jet printers) are well 
suited for covalent immobilization of dyes and reagents [57, 155], as are certain 
preactivated membranes (as used for immunoblotting) for immobilization of 
enzymes. Also, polyurethanes were found to be most suitable polymers to host 
dyed cellulose beads [155]. An interesting approach was reported by Lubber’s 
group [156] who immobilized indicators for oxygen and pH in nanocapsules 
which retain the probes but are permeable to the analyte. 

The optical signal of a sensor layer is subject to interference from the intrin- 
sic color or fluorescence of the sample. One elegant way to overcome interfer- 
ence by the sample is to provide a so-called optical isolation. It consists of a thin 
(~5 pm) and optically non-transparent layer that is permeable to the analyte 
and placed between sample and the sensor material. Depending on the analyte, 
the layer is hydrophobic (in case of gases and vapors) or hydrophilic (in case of 
charged or highly water-soluble analytes). Typical examples that were used in 
the 1980s include carbon black in silicone, black teflon, ferric oxide in ethyl cel- 
lulose or silicone, titanium dioxide or barium sulfate (also in hydrogels). White 
optical isolations also act as reflecting areas and usually increase the signals of 
reflectometric and fluorescent sensors. 

Langmuir-Blodgett films are materials useful for making sensor layers of 
nanometer dimensions. Such films were used to sense oxygen [157, 158] and 
pH, or chloride, oxygen, or glucose [158]. Other less conventional materials for 
sensor matrices include the sol-gels [159-161] and zeolites [162]. Sol-gels have 
been modified in many ways, e.g. by making composite materials [163], since 
conventional sol-gels are less suited for chemical sensing purposes. For this rea- 
son, modified sol-gels rather than “pure” sol-gels are used [164] in the commer- 
cial fiber optic microsensor shown in Fig. 8. 

Plasticized poly( vinyl chloride), a material widely used in ion-selective elec- 
trodes, has been employed in academic research for oxygen sensing [33, 165)] 
and ion sensing via co-extraction [95-97] but hardly in commercial optical sys- 
tems because the slope of the response strongly depends on the fraction of plas- 
ticizer which tends to leach, thus seriously affecting long-term stability. Polysty- 
rene, silicone, ethyl cellulose, cellulose, or two-domain polymers such as certain 
polyurethanes or poly(acrylamide-co-acrylonitrile) are by far preferred over 
PVC [166]. 

Other novel materials for use in optical sensors or probes consist of poly- 
mers that have an inherent optical response, and these were introduced after 
1992. They include polypyrroles [167], polyanilines [168], composites composed 
of polypyrrole and Prussian Blue [169], and polyanilines with receptor sites for 
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Fig. 12. pH dependence of the UV-VIS spectra of a 60-nm film of polyaniline deposited on 
polystyrene. Note the strong and broad absorption that extends far into the near infrared 



saccharides [170]. Their absorption spectra extend far into the near infrared, as 
can be seen in Fig. 12. 

Molecular imprints (MIPs) found their first application in sensor technology 
in the 1990s [171, 172]. MIPs are ideal means to recognize molecular species, in 
particular those of rigid structure. Binding is usually irreversible, so that probes 
rather than continuous sensors are obtained in most cases. In certain - though 
probably rare - cases, they may replace proteinic recognition elements such as 
antibodies [173]. 

The traditional plasticizer for PVC is ort/zo-nitrophenyl octyl ether (NPOE) 
but it can act as a quencher for many indicator probes and was therefore 
replaced [174] by the non-quenching plasticizer orf/zo-cyanophenyl dodecyl 
ether (CPDDE). Various other polymers and composites have been proposed 
including polymers with fillers and unusual speciality polymers [175]. A poly- 
mer with extraordinarily high (so far unsurpassed) permeation for oxygen was 
reported by the groups of Asai, Amao and Osuka [176]. 

Many indicator probes have poor solubility in certain polymers. The meth- 
od of ion pairing can substantially improve the solubility of charged indicator 
dyes. In essence, the inorganic counter ion of a dye (which limits its solubility 
in hydrophobic polymers) is replaced by an organic counter ion [165, 177]. The 
ion pair may even consist of a dye cation and a dye anion, thereby also enabling 
resonance energy transfer [136, 178-179] and thus the possibility of converting 
intensity-based sensors into decay time-based sensors [180, 181]. 
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Photobleaching of indicator dyes has always been a nuisance in optical sen- 
sor technology, but tertiary amines such as diaza-bicyclooctane (DABCO) can 
greatly reduce this [182]. Carotene has a similar effect. Both are capable of 
quenching reactive (singlet) states of oxygen. So-called antifading agents are 
commercially available. 

12 

Imaging and Pressure-Sensitive Paints 

Peterson and Fitzgerald in 1980 reported a method for air flow visualization that 
is based on the quenching of the fluorescence of a dye by oxygen present in air 
[183]. Wilson, Vanderkooi and coworkers demonstrated imaging of oxygen on 
the surface of organs at various rates of perfusion using phosphorescent por- 
phyrins [184]. The first imaging experiments were based on measurement of 
fluorescence intensity. 

Given the advantages of decay time-based sensing, it was soon extended to 
imaging. The first decay time-based images for a variety of parameters were 
demonstrated by Lakowicz [185]. All these images were obtained by adding a 
fluorescent probe to the sample to be analyzed. Hartmann et al. [186] used, for 
the first time, a chemical sensor layer (sensitive both to oxygen monitored sur- 
face oxygen pressure and also to the flux of oxygen through skin by a phase- 
fluorimetric method). The sensor layer containing a ruthenium-based oxy- 
gen probe was excited by a frequency-modulated blue LED. Liebsch et al. [187] 
imaged pH, oxygen and temperature using sensor membranes placed in micro- 
titer plates and employing decay time-based data acquisition. In subsequent 
work, pH was imaged using the DLR scheme [188]. Decay time-based imaging 
is well suited for the detection of the underoxygenation of tumorous skin tis- 
sue and to monitor the growth of engineered tissue. Figure 13 shows the oxy- 
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Fig. 13. Left: transmission photograph of tumorous skin of a hamster; center: distribution 
of the oxygen partial pressure, demonstrating the heavy under-oxygenation of the tumor- 
ous area, right: the two pictures combined. The data of the “oxygen image” were obtained 
by placing an oxygen-sensitive sensor film on the skin and imaging the film via fluores- 
cence lifetime imaging (-1560 senseis) 
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Fig. 14. Pressure distribution in a model of an airplane as visualized via the fluorescence of 
a so-called pressure-sensitve (but in fact oxygen-sensitive) “paint” (PSP) 



gen image of normal skin and of tumorous skin tissue, demonstrating the large 
underoxygenation of the latter. 

A fascinating application of oxygen imaging is seen in so-called pressure- 
sensitive paints (PSPs) which in fact are oxygen-sensitive paints. Such PSPs 
were first described in the late 1980s by Russian, US, and Canadian research- 
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ers [189-191]. The function of PSPs is based on the quenching by air (oxygen) 
of the luminescence of quenchable dyes such as pyrenes, platinum porphyrins, 
or ruthenium bipyridyl complexes. Figure 14 shows a typical image as obtained 
with a pressure-sensitive paint deposited on a model of an airplane placed in 
a wind tunnel. Pressure-sensitive paints are being marketed by various com- 
panies now. More recently, europium complexes have been proposed for PSPs 
[192] along with polymers of unsurpassed oxygen-permeability, while Engler 
and co-workers use pyrenebutyric acid [193] which requires UV excitation but 
has a fast response. 

13 

Commercial Instrumentation Using Opt(r)odes 

Many of those working on optical sensors since 1970 have been overoptimis- 
tic. While many chemical sensors and biosensor have found applications in the 
laboratory and in research, they are by far less often used than physical sensors, 
e.g. those for temperature, pressure, strain. This may be due to several factors, of 
which the following are considered to be the most significant: 

(a) Most chemical sensors suffer from poor selectivity; therefore, they can 
only be applied to rather specific matrices; 

(b) most chemical sensors and biosensors suffer from inadequate stability 
(both storage stability and operational stability); 

(c) most sensors are too expensive; this is true not only for the costs for 
product development, but also for the instrument itself and the sensor mate- 
rials used; the market for such devices is too small. It is quite unrealistic to 
assume that an investment in the development of a commercial sensor for, e.g. 
copper(II) ion, may ever produce an adequate return, unless the same instru- 
ment can sense several other species as well. 

The commercialization of optical sensor technology therefore started slow- 
ly, initially with various test strips, first for pH, then for numerous ions includ- 
ing heavy metal ions and certain anions. The Merck Reflotron instrument can 
quantify over 30 environmental parameters. Numerous sticks are available for 
clinical parameters that can be optically read, at least in principle. These include 
first of all the common parameters tested for in blood and urine including 
erythrocytes (introduced in 1974), pH (1964), glucose (1964), blood urea nitro- 
gen (BUN), drugs, total protein, but also pregnancy tests, all of which are opti- 
cal. Boehringer (now Roche) has offered quantitative optical tests for the non- 
proteinic parameters K'^, urea, bilirubin, glucose, cholesterol, creatinine since 
1988, and these appear to be as good as some of the tests (“sensors”) reported in 
recent years, if not simpler. The article by Free et al. [194] was a milestone paper 
and describes a triple test strip for urinary glucose, protein, and pH. 

In 1984, GDI (later 3M) introduced their critical care monitoring system 
(GasStat 300) for oxygen, pH and CO 2 for cardiopulmonary monitoring (see Fig. 
11). The sensors employed are based on the work of Lubbers et al., Wolfbeis et 
al., Yafuso, Miller and Tusa. The sensor head consists of a flow-through cell con- 
taining sensor spots and fiber optic cables attached to the cell in order to opti- 
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cally interrogate the sensor spots. The sensor exhibits excellent performance if 
properly calibrated [195]. Other products based on optical sensor technology 
include those of Cardiomed (system 4000), Puritan-Bennett, and more recently 
of Radiometer (Copenhagen). 

AVL (now Roche) in 1994 introduced its Opti-1 system, a portable (and near 
patient) station for measurement of blood gases and blood electrolytes. It is 
based on a disposable cassette containing planar fluorescent sensors of 3 mm 
i.d. but also acting as a sample compartment. Its analytical scope has recently 
been extended to enzyme substrates such as glucose and urea. In 1986, Gehrich 
et al. [107] described an optical fluorescence sensing system for intravascular 
blood gas monitoring, and Miller et al. [106] reported an in-vivo catheter for 
blood gas monitoring. Although announced, the systems were never commer- 
cialized. 

Optical sensors for CO 2 act as transducers in the blood bacteria detection 
systems of Organon BV and of Becton Dickinson [196]. Mycobacteria, in con- 
trast to “conventional” bacteria, are more specifically detected via an oxygen 
transducer, and a simple and affordable version of a microbacteria growth indi- 
cator tube has been developed whose fluorescence can be inspected visually. 
Some of the commercial optical (non-fiber) chemical sensors and biosensors 
are compiled in Table 5, and some fiber optic sensors in Table 6, thus demon- 
strating the significance of optical (fiber) technology for environmental, indus- 
trial, and clinical sensing. 



Table 5. Selection of commercial chemical sensors and biosensors 



Product 


Manufacturer 


Analytes 


Remarks 


RQ-Flex 


Merck 


pH, heavy metals, 
disinfectants 


affordable, fast, 2 LEDs & photodiodes, 
hand-held 


Reflotron 


Roche 

(Boehringer) 


many clincal 
parameters 
including glucose 
and lactate 


green and red LED, dry reagent chemis- 
try (H 2 O 2 ) 


AccuSport 


Roche 


lactate 


LOx, used in sports medicine, hand-held 


AccuTrend 


Roche a 


glucose 


hand-held, GOx and phospho-molyb- 
date reagent 


Opti-1 and 
Opti R 


Roche (AVL) 


02,pH,C02,K, 
Na, Ca, Cl, 
glucose etc. 


portable, fluorescence based, versatile; 
the Opti-R is re-usable 


GDI 400 


3M (Cardio- 
vasc. Dev. Inc.) 


blood gases and 
pH 


fluorescent sensor spots in contact with 
blood in an extracorporeal loop; high- 
ly successful 


BacT Alert 


Organon 

Teknika 


bacteria in blood 


via CO 2 (reflectometry) 


BacTec 


Becton 

Dickinson 


bacteria in blood 


via CO 2 or O 2 (fluorescence) 


MGET 


Becton 

Dickinson 


M. tuberculosis 


via O 2 ; disposable tube, visual inspection 
of fluorescence intensity 
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Table 6. Selection of commercial fiber optic chemical sensors 


Product 


Manufacturer 


Analytes 


Remarks 


GeoSensor 


GeoCenters (1991) 


pH 3-8 


±0.1 units; robust 


PetroSense 


FiberChem (1992) 


hydrocarbons; 

gasoline 


1-mm fibers, robust 


MicrOx 


Presens 


02 


30 pm tip; via fluorescence decay 
time 


Fib Ox 


Presens 


02 


2-mm fibers, DLR based 


YSI 8500 


Yellow Springs 


CO 2 


for bioprocess control; autoclavable 


FiberDek 


Soundek 


oil and gasoline 
on water 


reflectance based; 2 LEDs, hand-held 


TP300 


Ocean optics 


pH (various 
ranges) 


reflectance based, fiber bundles 


FOXY 


Ocean optics 


O 2 


1-mm fibers, intensity based 



In conclusion it can be said that the past 20 years have seen tremendous steps 
forward in optical sensor technology. Sensing schemes have become reliable 
enough to be of practial utility, instrumentation has become available at costs 
that make this sensor technology competitive with established sensors, and 
numerous sensors have been presented that are of interest more from an aca- 
demic (analytical) rather than from an industrial point of view at present, but 
conceivably will find their way into practical applications as well. 
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CHAPTER 2 



Molecularly Imprinted Polymers for Optical Sensing Devices 

Marta Elena Diaz-Garci'a, Rosana Badia 



1 

Introduction 

A problem of paramount importance in analytical chemistry is selectivity, par- 
ticularly at low analyte concentrations in the presence of interfering substanc- 
es. The sensitive and selective determination of a large number of trace com- 
pounds in complex samples is of great relevance in many fields such as biotech- 
nology, the environment, food and pharmacentrical industries and health care 
for diagnosis or treatment of diseases. 

Living beings depend on molecular recognition, a process by which one mol- 
ecule binds specifically to its target. These interactions rely on selective bind- 
ing events between complex biological molecules and their target ligands. For 
example, the specific interaction of an enzyme with its substrate, that of a hor- 
mone and its cellular receptor, the ability of an antibody to attach to a foreign 
invader or even that of a virus to attach to a host cell, are all subtle and specific 
interactions that depend on molecular recognition. 

The exquisite specificity and selectivity of biorecognition by these biological 
receptors make them highly attractive for the development of sensing devices, 
as a result of which biosensors have attracted much attention. However, sensors 
that rely on biological recognition elements often lack storage life and oper- 
ational stability and are accompanied by difficulties in generating the affini- 
ty sensing phase and the specificity towards the desired target molecule. Due 
to these limitations biosensors have not become quite the commercial success 
expected in the early euphoric development phase. 

During the last decade, studies on the complex interactions between molec- 
ular species, the molecular recognition process, and the ability to mimic natu- 
ral binding phenomena have led to the development of abiotic materials which 
combine the properties of both the natural and the synthetic components [1- 
3]. As the structure, properties and mechanisms of biological systems become 
understood scientists are attempting to transfer this knowledge to synthetical- 
ly designed materials. The goal in the design of these artificial receptors is the 
construction of model systems capable of mimicking the molecular level selec- 
tivities observed in nature by developing host systems with cavities possessing 
complementary fuctionalities to that of the guest molecule or ion. Extremely 
high selectivity is obtained if, as in nature, a cavity exits with both an appropri- 
ate shape to match that of the ligand and with binding sites in a topochemical 
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arrangement, so that the ligand is bound inside the cavity. In this context, recep- 
tor molecules such as cyclodextrins, cyclophanes, crown ethers and calixarenes 
[4-6] have been actively studied because of their three-dimensional structure, 
associated with versatile recognition properties related to neutral molecules as 
well as metal or organic ions. 

Another approach to create receptor-like binding sites is molecular imprint- 
ing. The concept of molecular imprinting emerged from Pauling’s theory of the 
formation of antibodies, according to which antigen molecules are the templates 
around which serum proteins assemble to form antibodies [7, 8] . Although Paul- 
ing’s speculation was later discarded in favour of the more appropriate “clon- 
al selective” theory of antibody formation, chemists found it useful to adopt 
the concept of forming a three dimensional structure around a template to cre- 
ate nanostructured synthetic materials (imprinted polymers) that can recog- 
nise target molecules with selectivities similar to their biological counterparts. 
These models laid the foundations for Biomimetic Chemistry. 

In this chapter an overview of imprinted polymers (MIPs) is given and their 
potential in optical sensing approaches for environmental and industrial appli- 
cations is discussed. Emphasis will be placed on the recent developments in this 
field and the challenges that lie ahead. 

2 

Molecular Imprinting Process 

Molecular imprinting is a general strategy to produce tailor-made cross-linked 
polymer materials that “remember” a particular molecule. This “memory” is 
created in the presence of a template via close interactions with functional mon- 
omers. The process involves three main key steps (Fig. 1): 
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Fig.l. Schematic diagram of the molecular imprinting principle 
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i) Association of the template (print molecule) with the functional mono- 
mers (pre-arrangement step). 

ii) Co-polymerisation of the resulting printing assembly with an excess of a 
cross-linking agent in an inert solvent to form a highly cross-linked matrix. 

iii) Template extraction by washing in a suitable solvent or by acid or basic 
hydrolysis. 

Template removal creates a specifically imprinted groove in the polymer in the 
form of well-defined cavities possessing a shape and stereochemical arrange- 
ment of functional groups complementary to that of the template. Molecular 
recognition in MIPs is a direct consequence of their rigidly cross-linked struc- 
ture and the process is similar to a “lock-and-key” fit. Two general imprinting 
strategies have been employed to design the positioning of the polymer func- 
tional groups for optimum recognition efficiency: the pre-organised (covalent) 
imprinting method and the self-assembly (non-covalent) imprinting approach 
[9]. 



2.1 

Covalent Molecular Imprinting 

Covalent imprinting, as suggested by Wulff and co-workers [10, 1 1], involves the 
synthesis of a polymerizable derivative of the template. This derivative is a com- 
posite of the imprint molecule and the functional monomer linked by strong 
reversible covalent bonds such as boronate esters [12], Schiff bases [13], or ket- 
al [14]. Covalent imprinting has been highly successful in the cases of molecules 
bearing 1,2- and 1,3-diol groups, e.g. various sugar derivatives. An advantage 
of this approach is that the resulting imprinted polymers show a weak selec- 
tivity dependence on the solvent used during the polymerisation process. This 
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phenomenon is ascribed to the limited binding to the imprint derivative by the 
solvent and even other non-specific molecules present in the solution prior to 
polymerisation. Template cleavage by chemical methods (acid/basic hydrolysis) 
from the imprinted polymer yield the moieties of the functional monomers in 
positions determined by the imprint molecule (Fig. 2). Covalent imprinting is 
limited by several disadvantages such as the necessity of first preparing a mon- 
omer-template conjugate, chemically cleaving the template from the polymer 
and slow binding kinetics. 



2.2 

Setfassembly Molecular Imprinting 

The concept of the self-assembly method of imprinted polymer formation is 
shown in Fig. 3. This relies on the self-assembly of functional monomers around 
the template in the pre-polymerization mixture in a way that maximizes the 
binding interactions between the two species. The binding interactions can be 
single or multiple point in nature and involve hydrogen bonding, electrostatic, 
hydrophobic, dipole-dipole and/or tx-tx interactions. After polymerisation, the 
template is extracted from the solid polymer using a solvent capable of disrupt- 
ing the specific interactions. The topochemistry of the imprinted binding cavi- 
ties is complementary in size, shape and functionality to the target molecule. 

Non-covalent imprinting is more flexible in terms of choice of functional 
monomers to complement the template molecule’s functional groups. In some 
cases, the monomers can even be combined to increase the strength of binding 
and to achieve greater functional complementarity to the template. This, in turn, 
results in better selectivity in template recognition. 

Polymers prepared using a self-assembly imprinting protocol are character- 
ised by non-uniform distribution of binding sites, as a result of which part of the 
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imprinted sites may react favourably with the template, whereas other imprint- 
ed sites may interact in a less favourable or even non-specific manner [15]. This 
is the result of unavoidable random incorporation of functional monomers, 
which in turn depends on the specifics of the polymerisation conditions such as 
temperature and the particular solvent [16, 17]. However, it is not at all obvious 
that the covalent approach is, in practical terms, superior to the non-covalent 
one as rebinding heterogeneity has also been observed with polymers prepared 
using non-covalent interactions [18]. It is probable that molecular imprinting 
results in materials with a broad distribution of binding sites, only a fraction of 
which exhibit template selectivity. Non-covalent imprinting is the simplest way 
to prepare recognition materials for biomimetic sensing. 

3 

Polymer Composition 



3.1 

Templates 

Molecular imprints have been developed for many classes of molecules, includ- 
ing drugs, antibiotics, pesticides, dyes, metal ions and others [9, 19, 20]. Tem- 
plates offering multiple sites for interaction with the functional monomer are 
likely to yield binding sites of higher specificity and affinity for the template. 
A quantitative structure binding relationship was demonstrated by imprinting 
a number of structurally related basic N-heterocycles by co-polymerisation of 
methacrylic acid (MAA) and ethylene glycol dimethacrylate (EDMA) [21,22]. 
High affinity and selectivity were reported when 9-ethyladenine was used as 
the template [23, 24]. This was thought to be due to a combination of Watson 
and Crick- and Hoogsten-type hydrogen bonds between the base and carboxy- 
lic acids. Sellergren and Dauwe observed similar effects [25] in their studies on 
imprinting a series of structurally similar triazine templates. Thermodynamic 
considerations indicate that non-rigid templates, such as proteins or polypep- 
tides, yield imprinted polymers with a large excess of poorly selective sites [26]. 
Templates with structural rigidity that can fit into the binding site of the pol- 
ymer with minimal change in its conformation will increase the affinity and 
selectivity in the recognition. This is the result of a minimal loss in entropy due 
to conformational changes in the recognition binding site as well as in the tem- 
plate upon binding [9]. Based on these considerations, the “epitope approach” to 
molecular imprinting has been recently described by N. Minoura et al. [27] for 
developing MIPs selective towards peptides and proteins. The approach is based 
on using a short peptide chain as the template, which represents part of a larg- 
er peptide or protein. The resultant MIP should recognize the whole protein in a 
way similar to that in which an antibody operates in the presence of an antigen; 
only a small part of it, the epitope, is recognized. 

Besides the type of template, the ratio of the template to the functional mon- 
omer plays a key role in the selectivity of the imprinted polymers when the pos- 
sible interactions involved inside the matrix are taken into account. The opti- 
mum ratio has to be determined for each individual template. Investigations on 
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the effect of stoichiometry have been reported in several imprinting studies [9]. 
In most cases an excess molar ratio of the monomer to the template produces 
more favourable results. 

3.2 

Type of Monomer and Crosslinker 

The type of monomers used for producing an analytically useful MIP is very 
important, since they are components that are vital for successful templating of 
synthetic polymers. The functional binding monomer is used to create the tem- 
plate central structure about which a rigid matrix is formed by co-polymeriza- 
tion with added crosslinking agents. In general, the structure and the chemi- 
cal characteristics of the analyte are used as the starting point to select binding 
functional monomers. 

Acrylic (AA) and methacrylic acid (MAA) (Fig. 4) are the most widely used 
monomers if basic groups are present in the template. They interact ionical- 
ly with amine functional groups and via hydrogen bonding with a variety of 
polar functionalities such as carboxylic acids, carbamates and carboxylic esters 
[28]. The former interaction is stronger than the latter. The introduction of 4- 
vinylpyridine (4-Vpy) as a functional monomer in non-covalent molecular 
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imprinting [29,30] produces polymers with better selectivity for carboxylic acid 
templates as compared to polymers prepared with MAA [31]. This is explained 
as being due to the formation of ionic bonds between the recognition sites of the 
polymers and templates containing carboxylic groups. Metal chelating func- 
tional monomers are suitable for print molecules capable of forming complex- 
es with certain metal ions [32]. 

Recently, 2-(trifluoromethyl) acrylic acid (TFMAA) was introduced as a 
functional monomer for basic templates. Enhanced selectivity and affinity were 
obtained for such polymers when compared to those prepared using MAA [33]. 
Better recognition ability has been achieved in some cases by combinations of 
two or more functional monomers provided that the different monomers do not 
interact with one another more strongly than with the template [34-36]. Some 
of the most widely used functional monomers for molecular imprinting are 
shown in Fig.4. 

In the imprinting process, a very high degree of cross-linking is used in order 
to achieve a high specificity and selectivity for the polymer. This enhanced 
selectivity is mainly due to the rigidity that the imprint cavity brings about 
by the preservation of monomer-template assemblies during polymerisation, 
which allows functional groups to be fixed in a stable arrangement complemen- 
tary to the template. 

An example of such a cross-linking monomer is ethylene glycol dimeth- 
acrylate (EDMA) (Fig. 5) that has been extensively used as cross-linker in 
non-covalent molecular imprinting. New cross-linkers, which are tri- or tetra- 
functional, have been used by different investigators [37]. These include 2,2-bis 
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(hydroxymethyl)butanol trimethacrylate (TRIM), pentaerythritol tetraacrylate 
(PETEA) and pentaerythritol triacrylate (PETRA). Molecular imprinted poly- 
mers with high load capacity and excellent resolving capability were obtained 
using TRIM as compared with EDMA polymers [37]. 

The selectivity is greatly influenced by the kind and the amount of the link- 
ing monomer used in the imprinted polymer synthesis. In fact, because of the 
large proportion of cross-linking involved, it determines to a large extent the 
hydrophobicity of the polymer which, in turn, affects the extent of non-specif- 
ic binding. 



3.3 

Porogenic Solvents 

The choice of the porogenic solvent is critical in most molecular imprinting 
procedures as porogens not only govern the strength of non-covalent interac- 
tions but also influence the polymer morphology (inner surface area and aver- 
age pore size). The solvent should not interfere with the interactions between 
the template and the monomers during polymer growth. Thus, in the non-cov- 
alent imprinting approach, the solvent used should be as non-polar as possi- 
ble in order to maximise ionic interactions between the print molecule and the 
monomer. Moreever, solvents with low hydrogen-bond acidity/basicity should 
be used when dealing with hydrogen bond interactions in order to achieve bet- 
ter imprinting. 

The use of solvents that weaken or disrupt the interactive forces between the 
print species and the functional monomers should be adequate to extract the 
template. In the rebinding step, as a rule of thumb, the solvent of choice should 
be the same as (or similar to) that used during the polymer synthesis. 

Porogenic solvents affect the physical characteristics of the imprinted mate- 
rial. It was found [30] that acetonitrile -a fairly polar solvent - leads to macro- 
porous polymers with higher surface areas than chloroform. On the other hand, 
as swelling is dependent on the surrounding medium, it was observed that 
swelling of imprinted polymers was most pronounced in chlorinated solvents 
(chloroform, dichloromethane) as compared to acetonitrile or tetrahydrofuran. 
Although swelling behaviour may result in changes in the 3D-configuration of 
the recognition sites, Sellergren et al. [16] concluded that polymer morphology 
is not critical for the selectivity and the strength of substrate rebinding. 



3.4 

Radical Initiators 

In molecular imprinting free radicals may be generated either by thermal or by 
photochemical means at different temperatures. For the commonly used azo- 
initiators such as 2,2'-azo-bis-isobutyronitrile, radicals are generated by heat- 
ing the reaction mixture at 50-60°C in order to provide a suitable rate of decom- 
position. For thermally unstable templates, free radicals may be generated by 
UV radiation at low temperatures (e.g. 4°C). In this case, the free-radical propa- 
gation rate is slow due to the low temperature of polymerisation. Depending on 
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the radical initiation mode, materials with different selectivity at room temper- 
ature may result. Photochemically prepared polymers are associated with good 
recognition properties at room temperature, while thermally initiated polymers 
work better at higher temperatures [9, 38]. 

4 

MIP Optical Sensing Applications 



4.1 

Optical Sensing Approaches for Metals of Environmental Concern 

The basic principles of metal ion recognition based on imprinted polymers 
were first applied in the solid phase extraction and recovery of precious metals 
such as gold and silver from aqueous solutions [39], for clean-up of waters pol- 
luted with cadmium, lead, mercury and other toxic metals or for preconcentra- 
tion of low contents of heavy/toxic metals prior to their determination in order 
to improve detection limits and reduce interferences from macrocomponents 
[40,41]. 

Selective recognition arises from a combination of binding of the template 
functional moieties into the binding sites, ion interaction and van der Waals 
shape complementarity. This purification/extraction strategy takes advantage 
of the fact that other metal ions with distinct chemical reactivity should not 
interact with the binding sites. The chemical nature of the metal ion recognition 
process permits the use of these imprinted materials in the development of opti- 
cal chemical sensors [41]. 



4.1.1 

Imprinted Metal Ion Sensors Based on Polymerizable Metal Chelates 
(Covalent Imprinting) 

As the first example of this idea, a fluorescent lead templated chemosensor was 
recently developed by Giiney et al. [42]. The imprinted polymer was prepared 
by free radical polymerization of 9-vinylcarbazole and lead methacrylate with 
ethylene glycol methacrylate as cross-linker. Dioxane was used as the porogenic 
solvent. This polymer, prepared with a functional monomer containing carba- 
zole as a fluorescent tag, allows the detection of lead ions at very low concentra- 
tions through a binding-dependent change (quenching) of the carbazole fluo- 
rescence. The sensing scheme described is based on an imprinted film in contact 
with the metal ion solution; lead is detected and quantified during the binding. 
No data about selectivity and/or non-specific binding are reported in this study, 
but as noted by the authors the recognition material could be used in a remote 
detection configuration to detect very low concentrations of lead. 

In a similar manner, R.H. Fish et al. [43] have developed imprinted poly- 
mers that can be used to selectively trap Cu^'^ ions in the presence of Fe^*^, Co^"^, 
Zn^"^ and Mn^^. To prepare the polymer, the target metal ion is sandwiched 
between N-[4-vinylbenzyl]-l,4,7-triazacyclononanes (TACN) ligands. After 
cross-linking with divinylbenzene, the metal ion is washed away with a strong 
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acid (6M HCl). Interaction of copper ions with the imprinted polymer turns the 
slightly off-white material to a green colour. Recently, and using a similar pro- 
tocol, R.H. Fish et al. [44] have developed imprinted polymers with TACN lig- 
ands with high selectivity for Hg^+ in competition with Cd^"^, Ag+, Pb^+, Cu^"^ 
and Fe^”^. Fish claims that imprinted polymers using TACN monomers contain- 
ing attached fluorescent groups could be polymerized on the tip of an optical 
fiber in order to develop real-time optical probes for a variety of metal ions of 
environmental concern [45]. 

4.1.2 

Optical Sensors Based on Non-covalent Imprinting of Fluorescent Metal Chelates 

The use of fluorescent metal-chelates as templates offers a potentially sim- 
ple method for developing non-covalent imprinted polymers for metal ion 
recognition/sensing. In this approach the fluorescent metal chelate is allowed 
to self-assemble in the pre-polymerization mixture, thus maximising the bind- 
ing interactions with functional monomers. After polymerisation, the metal ion 
is extracted from the polymerised material, leaving a nanopore that is supposed 
to be selective for binding of the metal (due to the complementary positioning 




Fig. 6. Schematic of molecular imprinting using a metal chelate as the template. 1) Disso- 
lution of the metal chelate (aluminium-morin) and functional monomers in a solvent of 
low polarity. 2) Free radical polymerisation initiated with an azo initiator and a crosslin- 
king agent, thermochemically at 60 °C. 3) Griding of the polymer chunk (150-250 pm). 4) 
Removal of the metal ion from the polymer matrix. 5) Packing the flow-cell with the MIP 
for its evaluation as sensing material in a flow regime. (MAA: methacrylic acid, EDMA: 
ethylene glycol dimethacrylate, AIBN: 2,2’-azo-bis-isobutyronitrile) 
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of the fluorescent chelator functional groups). A schematic of this type of prep- 
aration is illustrated in Fig. 6. 

This polymer enables the detection and measurement of aluminium in the 
presence of other metal ions such as Mg^'^, Ca^+, Be^+ [46]. The aluminium rec- 
ognition factor of the imprinted polymer was found to be dependent on the 
porogenic solvent used for making the polymer. The chemical sensing princi- 
ple behind this sensing material is based on the fluorescence changes observed 
upon rebinding of aluminium. The application in flow-through sensing applica- 
tions seems very promising as a low detection limit (0.01 pg mL'^ aluminium) 
and a reversible response for aluminium were obtained, while no leaching of the 
morin was observed. 

From the aforementioned discussions, it is clear that each approach contains 
advantages and disadvantages when considering their use as optical sensing 
materials for metal ions. For example, it has been observed that formation of 
polymerizable derivatives of aluminium- and beryllium-morin [47] complexes 
for use as templates, resulted in a loss of the fluorescent properties of the recog- 
nition material, which rendered the polymers unsuitable for use as optical sens- 
ing phases. On the other hand, non-covalent imprinting can yield sensing mate- 
rials with analytical potential for optical sensing, but non-uniform dispersion of 
the template in the polymer matrix during preparation and washing off of the 
chelating ligands during use limit their practical application. 



4.2 

Optical Sensing Approaches for Environmentally Harmful Compounds 

In recent years, the potential of MIPs has been exploited in optical sensing tech- 
nology to monitor toxic and carcinogenic compounds in water. Thus, MIP sen- 
sor membranes for the detection of polycyclic aromatic hydrocarbons in waters 
have been reported recently [48, 49]. Implementation of this concept involved 
the synthesis of polyurethane imprinted polymers with PAHs of different struc- 
ture (naphthalene, pyrene, anthracene, perylene, benzoperylene, etc). The inter- 
action driving forces during polymer synthesis are mainly non-covalent K-n 
and van der Waals interactions. The selective molecular recognition and rebind- 
ing processes are determined by the size and the shape of the cavities; larger 
molecules are size-excluded and smaller ones are washed out due to the lack of 
tight fit to the imprinted cavity. The imprinted polymers were prepared as layers 
of up to several micrometers thickness and were operated within a flow regime. 
The native fluorescence of the templates was exploited as the optical transduc- 
tion concept. The analytical performance characteristics of these recognition 
materials are very promising for the potential use of these materials for field 
monitoring. For pyrene, as model analyte, the detection limit is in the parts per 
trillion range, with a lUPAC S/N ratio of 3:1. The calibration curve shows line- 
arity with the pyrene concentration up to ca. 40 ]ig/L, a linear range that can be 
extended by raising the amount of imprint molecules during the polymer syn- 
thesis [49]. The equilibrium constant of a sensor layer imprinted with 3% of 
pyrene toward pyrene was found to be 9.4 x 10^. The response time of the sensor 
was a few minutes and the effect fully reversible. These imprinted polyurethane 
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layers offer the possibility of being combined with fiber-optic systems or with 
mass-sensitive universal transducers such as quartz microbalance or surface 
acoustic wave devices. 

New generations of optical MIP-based sensors are emerging. Mizaikoff and 
co-workers [50] describe an interesting approach to detect the herbicide 2,4- 
dichlorophenoxyacetic acid (2,4-D) in water. Their method relies on the synthe- 
sis of an imprinted polymer using 4-vinylpyridine as the functional monomer 
in the presence of the polar protic solvent methanol and water, which is unusu- 
al for non-covalent MIPs. Layers of the imprinted polymer were prepared on the 
surface of zinc selenide attenuated total reflection elements and infrared eva- 
nescent wave spectroscopy was used as the transduction principle. This method 
provides good detectability for 2,4-D and reversible response by rinsing with a 
phosphate buffer. The discrimination between the structurally similar analytes, 
2,4-D and POAc, was enhanced due to the inherent selectivity of the transducer. 
This effective combination allows the scope of MIP-based sensors to be extend- 
ed to applications in complex matrices, where non-specific interactions or cross 
reactivities may be a problem. 

Compounds that possess the ability to bind metal ions to form complexes in 
solution are amenable to molecular imprinting with metal ion complexation. 
Thus, with a judicious choice of metal ion with useful spectroscopic properties, 
selective and sensitive devices may be produced. Using this approach, Murray et 
al. [51] have developed a fluorescent fiber optic MIP-based sensor for the hydrol- 
ysis product of the nerve gas soman. Soman is an organophosphorus compound 
that resembles diisopropylfluorophosphate, a drug that blocks the action of ace- 
tylcholinesterase. This blockage results in contraction of smooth muscles and 
eventual asphyxiation. In the imprinted polymer, cavities are formed with coor- 
dinated Eu^”^ as part of the binding site. The sensor is free from interferences 
from organophosphorus pesticides and herbicides, the compounds most chem- 
ically similar to the nerve agent. The sensor is extremely sensitive with a limit of 
detection of 600 parts per quadrillion in an alkaline solution. 

A recent study [52] demonstrated the feasibility of a photoinduced electron 
transfer (PET) mechanism as a means of signal transduction for MIP-based 
luminescent sensing of 2,4-D. A sol-gel derived molecular imprinted luminescent 
sensing material was developed by a conventional sol-gel process using anthryl 
fluorescent tailor-made organosilane functional monomer. The resulting fluo- 
rescent imprinted material was found to selectively respond to 2,4-D in aqueous 
media. Upon rebinding, the fluorescent properties of the functional monomer 
were perturbed through acid-base ion-pair formation with 2,4-D, which led to 
suppression of PET quenching of its anthryl fluorophore. Although the back- 
ground emission of the imprinted material is a shortcoming for sensitivity, the 
approach presented in this work is the first attempt to use PET mechanisms in 
MIP optical sensing (see Fig. 7). There is still much work to be done in order to 
lower background emission, to optimise the MIP composition by exploring oth- 
er sensor monomers and to further understand the factors affecting the behav- 
iour of these MIPs. 

When the target analyte does not exhibit an optical property that can be used 
for transduction it is possible to design competitive binding assays using MIPs 
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a) b) 

Fig. 7. PET-MIP-based switch a) Fluorescence is off due to the PET process, b) Fluorescence 
is on due to PET suppression 



as antibody mimics. Detection is then based on displacement of a labelled ana- 
lyte by the unlabelled one. These systems can use either a fluorescent or a col- 
oured marker. This idea was first proposed by Mosbach et al. in 1995 [53] using 
a fiber-optic device and an MIP phase sensitive to dansyl-phenylalanine. Pilets- 
ky et al. [54] developed a competitive sensing assay for the pesticide triazine 
using fluorescein-labeled triazine as the competitive probe for the binding 
points in an acrylic MIP against triazine. The system was evaluated by sorp- 
tion analysis, measuring the concentration of free fluorescent triazine probe in 
the supernatant after 3.5 hours incubation. Attractive features of this assay are 
its high selectivity for triazine over structurally related herbicides (atrazine and 
simazine); sensitivity for triazine is in the O.Ol-lOOmM range and testing time 
lower than conventional ELISA assays. 

A similar fluorescent ligand displacement assay was developed by Haupt 
et al. [55] for the herbicide 2,4-dichlorophenoxyacetic acid based on an MIP 
and using a coumarin derivative as a non-related fluorescent probe. The spe- 
cificity and sensitivity of this MIP biomimetic assay are on a par with a radio- 
ligand displacement format using the same MIP and radiolabeled 2,4-dichlo- 
rophenoxyacetic acid. An attractive feature of the assay is that it can be used 
both in aqueous buffer and in organic solvents, with a detection limit of about 
100 nM. 

Although the use of MIP in immunoassay-type applications is unlikely to be 
universally applicable, the above results demonstrate that optical competitive 
MIP-based formats provide useful systems in many instances for use in environ- 
mental analysis. These assays offer the advantage of safer experimental use than 
radioactive materials. Improvements in sensitivity and detection limits of opti- 
cal MIP competitive sensing assays are still required for them to compete with 
affinity sensors. Progress in this area could be achieved by the use of chemilu- 
minescent or long-lived luminescent labels to increase the signal-to-noise ratio 
and eliminate background signal problems. 
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4.3 

MIP Optical Sensing Materials for Organic Volatile Compounds 

Many MIP-based sensor layers developed for applications involving optical 
detection have the property of changing colour or fluorescence upon interac- 
tion with the analyte. Dickert et al. [56] have prepared polyurethane polymers 
imprinted with several kinds of volatile organic solvents. This kind of volatile 
analyte creates cavities by evaporation. Furthermore, introduction of chromog- 
enic or fluorescent dyes into the polymer network results in sensitive materi- 
als for detection of organic solvent vapours in air via changes in optical prop- 
erties (solvatochromic changes). According to Dickert et al. [56] two principles 
of selectivity are combined in these materials, e.g. “concave chemistry” due to 
molecular cavities and “convex chemistry” realised by donor-acceptor (solvent- 
dye) interactions. No mention is made of the analytical performance character- 
istics of these materials, but the authors drew conclusions about the potential 
for sensor applications. Little work has so far been done in the development of 
selective MIP-based gas sensors for environmental monitoring. Research in this 
direction is a primary goal. 

5 

Conclusions and Outlook 

The results given in this chapter illustrate the possibilities that exist with 
respect to the nature of the templates (metal ions, organic compounds, sol- 
vent vapours), the polymer synthesis conditions and the optical transduction 
concepts that can be used to develop MIP-based optical sensing schemes for 
industrial/environmental applications. The field is still in its infancy and is cur- 
rently receiving significant attention. Besides the many advantages of the tech- 
nique various problems remain open. Development of new approaches for MIP 
synthesis, improvement of the MIP specificity, lowering nonspecific binding or 
use of different optical transduction schemes (e.g. luminescence with time dis- 
crimination, energy transfer, etc.) are some guidelines for future efforts in the 
development of novel biomimetic sensors or ligand-binding assays, applicable 
to a wide range of analytes of environmental/industrial concern. 
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CHAPTERS 



Chromogenic and Fluorogenic Reactands: New Indicator Dyes for 
Monitoring Amines, Alcohols and Aldehydes 

Gerhard }. Mohr 



1 

Introduction 

In the past few years a wide range of optical sensors for ions has been present- 
ed. Sensors for pH are based on the protonation/deprotonation of pH indica- 
tor dyes [1] and sensors for cations and anions use a combination of pH indica- 
tor dyes with selective ionophores {via the mechanisms of coextraction or ion- 
exchange) [2]. In the case of coextraction and ion-exchange, the uncoloured 
ionophore recognizes the analyte while the pH indicator dye changes its colour 
[2]. This approach is highly cross-sensitive to pH and has not found practical 
application so far. A more sophisticated and synthetically challenging approach 
is to use selective fluoro- and chromoionophores [1,3,4]. They are advantageous 
because the dyes both selectively recognize the analyte and simultaneously 



Ligands for ionic analytes 

(analyte recognition via complexation) 




Reactands for neutral analytes 

(analyte recognition via formation of a covalent bond) 

\ \ I / _ 

Dye + analyte j>y ^-analyte 

"//IN'- 

nofi-JIuorescent highly-Jluorescefit 



Fig. 1 Principle of analyte recognition using fluorogenic ligands and reactands. Apart from 
an increase in fluorescence upon interaction with the analyte, changes in absorbance can 
be observed as well 
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change their colour. Fluoroionophores for sodium and potassium with very low 
cross-sensitivity to pH can be found in the AVL OPTI devices [5]. 

The situation is more complex when electrically neutral analytes have to be 
detected. First, the interaction between indicator dyes and neutral analytes usu- 
ally is rather weak (Van der Waals interactions, hydrogen bonding, hydrophobic 
interactions) [6]. Secondly, complexation of a neutral analyte has a much weak- 
er effect on the electron delocalisation of an indicator dye than the complexa- 
tion of an ion, thus causing only small changes in colour. 

In order to provide sufficient signal changes upon exposure to neutral ana- 
lytes, chemical reactions have been introduced into optical sensing (Fig. 1). 
Narayanaswamy et al. have used pararosaniline immobilized on ion- exchange 
resin for the detection of formaldehyde and acrolein in aqueous solution [7]. A 
sensor for the detection of hydrazine made use of the reaction of hydrazine with 
p-dimethylaminobenzaldehyde to form a coloured benzalazine in sol-gel glass 
[8]. A sensor for glucose has been developed using 3-aminophenyl boronic acid 
copolymerised with aniline to form a polyaniline layer with analyte-depend- 
ent absorbance changes in the near infrared spectral range [9]. Turner et al. 
investigated the ability of a hemithioacetal-based polymer to react with prima- 
ry amines and to form a fluorescent isoindole complex [10]. Pretsch et al. used 
the bisulphite addition to a lipophilic aldehyde for optical detection of sulphur 
dioxide [11]. A method to detect alcohols was based on trifluoroacetophenone 
derivatives that gave signal changes at around 305 nm [12]. 




Fig. 2 Chemical structures of 4-Ar,V-dioctylamino-4'-trifluoroacetylazobenzene (ETH^ 
4001 ), 4-trifluoroacetyl-4’- [iV-( 1 l-methacryloxyundecyl)-iV-ethylamino] -azobenzene 
(ETH^ 4012), 4-V,V-dioctylamino-4'-trifluoroacetylstilbene (ETH^ 4004), 4-[4-(4-trif- 
luoroacetylphenylazo)-l-naphthylazo]-AT,N-dioctylaniline (CR-573), V-amino-iV'-(l-hex- 
ylheptyl) perylene-3,4:9,10-tetracarboxylbisimide (}-57),and l-amino-4-(4-decylphenyla- 
zo)-naphthalene (CR-418) 
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The approach of using chemical reactions for detecting neutral analytes has 
been improved by synthesizing new long-wavelength absorbing and fluorescing 
indicator dyes (Fig. 2). Since they combine both the properties of a chemical rea- 
gent with those of a selective ligand, these indicator dyes are termed chromo- 
and fluororeactands. Here, reactands for analytes such as amines, alcohols and 
aldehydes are presented and reaction mechanism and parameters such as selec- 
tivity, sensitivity, and (of special importance in the case of chemical reactions) 
reversibility and response time are discussed. 

2 

Sensing Amines 

2.1 

Trifluoroacetylazobenzene Dyes 

A wide range of amines are pollutants in industrial and manufacturing areas 
because they are extensively used in the preparation of fertilizers, pharmaceuti- 
cals, surfactants, biological buffer substances and colorants. Volatile amines can 
be found in agricultural areas, and their presence may be an indicator of food 
quality. The chromoreactand 4-N,N-dioctylamino-4' -trifluoroacetylazoben- 
zene ETH^ 4001 is capable of performing a reversible chemical reaction with 
amines. The conversion of the trifluoroacetyl group into a hemiaminal causes a 




Fig. 3 Absorbance spectra of a sensor layer composed of ETH^ 4001, PVC and bis- (2-ethyl- 
hexyl) -sebacate in contact with dry nitrogen and different concentrations of aqueous 1- 
butylamine at pH 13.0. On changing from nitrogen to 0.1 M sodium hydroxide solution, the 
diol is formed, whereas, on changing from plain buffer to aqueous 1-butylamine, the hemi- 
aminal is formed. Both types of reaction are fully reversible 
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Fig. 4 Infrared spectra of the amine sensor membrane (composed of 16% ETH^ 4001, 28% 
PVC and 56% 2-octyloxybenzonitrile) upon exposure to air (a) and gaseous 1-hexylamine 
(b). The carbonyl band of the trifluoroacetyl form of the reactand at 1709 cm“^ disappears 
upon conversion to the hemiaminal. Also shown are the nitrile group of the plasticizer at 
2227 cm’^ and the CH-vibrations of PVC and the plasticizer at 2856 and 2927 cm'^ 



change in electron delocalisation resulting in a colour change from red to yel- 
low [13]. 

Figure 3 shows the spectral behaviour of ETH^ 4001 in plasticised PVC upon 
exposure to aqueous 1-butylamine. First, the formation of a diol upon interac- 
tion with water is observed, and then, due to the higher nucleophilicity of 1- 
butylamine, the hemiaminal formation. These two chemical reactions cause the 
absorbance of ETH^ 4001 to decrease at a wavelength of around 490 nm (repre- 
senting the trifluoroacetyl form of the dye) and to increase at a wavelength of 
around 420 nm (corresponding to the diol and hemiaminal forms). The sensor 
layer exhibits a sensitivity range of 1 mM-100 mM for aqueous 1-butylamine 
and a detection limit of 0.3 mM. The conversion of the trifluoroacetyl form of 
the reactand is also visible in the infrared spectral range and confirms that the 
sensor membrane responds via a chemical reaction (Fig. 4). 

The mathematical description of the interaction of ETH^ 4001 with amines in 
sensor membranes includes two processes, namely the extraction of the amine 
from the aqueous into the polymer phase (governed by the lipophilicity of the 
analyte) and the chemical reaction of the analyte with the reactive group (gov- 
erned by nucleophilicity). The overall reaction of the reactand R in the mem- 
brane phase with the amine A in the aqueous sample to form the hemiaminal 
AR in the membrane is described by: 

^membrane ^ ^aqueous ^'^membrane ^ ^ ^ 
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and consequently: 

,, i-^«i 
[«]■». 



(2) 



where [R] is the concentration of the free reactand, a a the amine activity in the 
aqueous phase, [AR] the concentration of the hemiaminal in the membrane 
phase, and K the combined equilibrium constant for extraction of the amine 
from the aqueous into the membrane phase and the subsequent nucleophilic 
addition reaction. The reactivity, (p , is defined as the ratio between the concen- 
tration of the hemiaminal in the membrane and the total reactand concentra- 
tion, and is described in (3): 



H {Sx-Sr) 



(3) 



where Sx is the absorbance or fluorescence signal at a defined amine concentra- 
tion, Sar the signal of the hemiaminal and Sr the signal of the reactand. Com- 
bining Eqs 2 and 3 gives the dependence of absorbance (or fluorescence) of the 
sensor membranes and allows the calculation of the sensitivity of optode layers 
towards the investigated amines: 



(l + iC-a^) 



(4) 



The selectivity of chemical reactions is different from the selectivity encoun- 
tered with complexing agents. Whereas Coulomb, Van der Waals and hydropho- 
bic interactions are responsible for the selective recognition of the guest by a 
host, a reactand such as ETH^ 4001 provides selectivity via its different chemi- 
cal reactivity towards interfering species. As mentioned above, the first param- 
eter for the encountered selectivity of ETH^ 4001 in a polymer layer towards 
amines is their different lipophilicity. More lipophilic amines are more effi- 
ciently extracted from the aqueous phase into the lipophilic organic membrane 
phase. This phenomenon is well described by the n-octanol-water partition 
coefficient [14]. The different nucleophilicity of amines additionally contrib- 
utes to the selectivity pattern. The selectivity for primary, secondary, and ter- 
tiary amines of a sensor layer composed of 1% of ETH'^ 4001, 33% of PVC and 
66% of DOS is shown in Table 1. The selectivity coefficients logiC®?^ (calculated 
according to Eq. 4) and the logarithms of the n-octanol-water partition coeffi- 
cient (logiCow) indicate that the sensor exhibits highest sensitivity for lipophilic 
primary amines. Although the lipophilicity of secondary and tertiary amines 
lies within the same range, the response is significantly lower. This difference is 
attributed to the fact that secondary and tertiary amines are sterically hindered 
in approaching the trifluoroacetyl group by their bulky groups near the ami- 
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Table 1. Selectivity coefficients logiC^P^ of the sensor layer based on ETH'^ 4001/PVC/DOS 
for amines and alcohols relative to 1 -butylamine calculated according to equation 4, and 
logiCow values of the investigated amines and alcohols 



Analyte 


\ogKop' 


^ogKow 


Analyte 


logic"/’' 


^ogKow 


ammonia 


-2.3 


N/A 


tert-butylamine 


-1.8 


0.40 


methylamine 


-1.5 


-0.57 


1 -hexylamine 


0.9 


2.06 


ethylamine 


-1.2 


-0.13 


pyridine 


-1.7 


0.65 


diethylamine 


-1.6 


0.58 


aniline 


-1.5 


0.90 


triethylamine 


-1.1 


1.45 


ethanol 


-2.8 


-0.30 


1 -propylamine 


-0.5 


0.48 


1 -propanol 


-2.3 


0.25 


2 -propylamine 


-1.8 


0.26 


amphetamine 


0.0 


1.76 


1 -butylamine 


0.0 


0.86 


methamphetamine 


0.2 


2.07 



no moiety. A similar discrimination is observed for primary amines with bulky 
substituents such as terf-butylamine or 2-propylamine. 

The response time of the plasticised PVC layer is in the range of 5-15 min 
when investigated in flow-through cells. However, these values represent both 
the time for an exchange of sample solutions in the flow cell and the true 
response of the reactand in the layer. Gas-phase measurements with sensor lay- 
ers using a CMOS-based calorimetric transduction of the chemical reaction 
have shown that the reaction of ETH^ 4001 with dry 1 -butylamine in plasticised 
PVC can be as fast as 3 s for forward and 15 s for reverse response [15]. 

When investigating different polymer matrices for ETH^ 4001 it was found 
that all the sensor membranes showed very similar selectivity and response 
time, independently of whether plasticised or plasticiser-free polymers were 
used [16]. Consequently, it is not possible to tailor the selectivity pattern by 
changing the matrix but rather by developing reactands with bulky substituents 
for steric discrimination. 

The reactand exhibits a pronounced positive solvatochromism, i.e. the 
absorbance maximum shifts to longer wavelengths with increasing polarity 
of the solvent. Thus, it is possible to correlate the reactand’s absorbance max- 
imum in the polymer with the polymer’s dielectric constant [16]. In addition, 
the extent of diol formation by ETH^ 4001 correlates with the water uptake of 
the respective polymer matrix [17]. Finally, the sensitivity to 1 -butylamine indi- 
cates the lipophilicity of the polymer material [16]. Consequently, a single dye 
yields a significant amount of information about the polymer’s physical prop- 
erties (Table 2). 

Real measurements have shown that the detection of absorbance changes 
at around 500 nm can be affected by sample colour, and furthermore, for the 
development of small sensing devices compatibility with cheap light sources 
is required. Recently, a chromoreactand has been synthesized whose absorb- 
ance changes are greatest at around 630 nm rather than at 490 nm. The dye 
was obtained by increasing the length of the chromophore via the insertion of 
a naphthylazo moiety into ETH^ 4001, giving the bisazo dye 4-[4-(4-trifluor- 
oacetylphenylazo)-l-naphthylazo]-N,iV-dioctylaniline (CR-573). Additional- 
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Table 2. Correlation between diol formation of ETH^ 4001 and water uptake of the polymer 
layers upon conditioning, and correlation between the relative dielectric constant £r of lay- 
ers and the absorbance maximum Amax of ETH^ 4001 in dry layers. The composition of the 
membranes is 1% ETH^ 4001, 33 % PVC and 66% plasticizer (or 1% ETH^ 4001 and 99% of 
plasticiser-free polymers) 


Polymer 


Extent of diol 


Water uptake 


Afflujc 






formation l%] 


[%i 


[nm] 




PVC/ 2 - 0 cty loxyb e n zon i t r i le 


12 


N/A 


510 


13.9 


P VC/bis{2-ethylhexyl )sebacate 


24 


0.48 


497 


4.8 


P VC/t ris ( 2 -ethyl h exyl ) pho sph ate 


90 


1.15 


501 


7.0 


PVC/tris(2-ethylhexyl)trimelitate 


9 


0.32 


500 


5.5 


Poly(hexyl methacrylate) 


9 


N/A 


494 


N/A 


Poly( ethylene vinylacetate) 


31 


N/A 


494 


N/A 


Polybutadiene 


1 


<0.1 


483 


2.3 


Polydimethylsiloxane 


1 


<0.1 


462 


3.2 




Fig. 5 Change in absorbance of chromoreactand CR-573 as a function of amphetamine 
(MPA) concentration. All measurements were performed at pH 13.0 to provide ampheta- 
mine in its chemically reactive neutral form 



ly, this reactand exhibited a threefold increase in sensitivity compared to ETH^ 
4001 and has been used to detect amphetamines (Fig. 5). 



2.2 

Trifluoroacetylazobenzene Copolymers 

The basic principle of optical sensors is the fast and reversible interaction of 
indicator dyes with the analyte, resulting in changes in absorbance or lumines- 
cence. The dyes are usually incorporated into polymer layers which are perme- 
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able for the analyte present in the sample solution or in the gas phase. Such pol- 
ymer-based optical sensor layers are simple to prepare because all components 
(polymers, dyes, additives) are dissolved in one common solvent and spread on 
various types of optical waveguides. In most cases, plasticisers are required in 
order to facilitate analyte diffusion and to speed up response times. The inher- 
ent problem, however, is that the sensor components have to be highly lipophilic 
or they are prone to leaching, especially when exposed to samples such as blood 
or serum. Furthermore, plasticisers tend to evaporate, causing migration, crys- 
tallization or decomposition of dyes and additives [18]. 

An alternative is to develop materials where all components (polymer, plas- 
ticiser and indicator dye) are covalently linked to each other. Such materi- 
als, namely copolymers made of acrylates and ionophores containing acrylate 
groups, have already been published for use in ion-selective electrodes [19,20] 
and optodes [21]. So-called self-plasticised copolymers with good flexibility 
and low glass transition temperature, Tg, are obtained by using methyl meth- 
acrylate and adding different amounts of alkyl acrylates [19,20]. The latter low- 
ers the Tg of the resulting copolymers and increases the flexibility of the mate- 
rial (see Table 3). 

A trifluoroacetylazobenzene reactand with a methacrylate group attached to 
the AT-alkyl chain was synthesised (ETH^ 4012) and copolymerised with methyl 
methacrylate and butyl acrylate [22]. The response behaviour of membranes 
using this reactand linked to the polymer is comparable to that of the struc- 
turally related reactand ETH^ 4001 dissolved in plasticised PVC. However, cov- 
alently immobilizing the reactands brings about response times which are 2 - 
3 times slower. A similar decrease in response time was described for a calcium 
sensor where the indicator (Nile Blue) was linked to carboxy-PVC via an alkyl 
spacer [23]. Certainly there is a difference in chemical reactivity and diffusion, 
dependent on whether the indicator is dissolved in a solvent polymeric mem- 
brane or covalently immobilized via a spacer to a polymer chain. 

The selectivity pattern of copolymer membranes is similar to that of mem- 
branes based on plasticised PVC, with a preference for primary amines over 
secondary and tertiary amines [22,24]. However, the copolymer-based sensor 
layers exhibit several advantages over PVC-based membranes, namely: (a) all 
components are copolymerised and thus no leaching is observed, (b) due to 
the covalent linkage, no crystallization, migration or aggregation of the dye 



Table 3. Compositions of the chromogenic copolymers (MMA, methyl methacrylate; BA, 
butyl acrylate), and corresponding physical properties 



Polymer 


Ratio ETHT 40 12/MM A/BA 


Tg [°C] 


M„>> 


Forward 

response 


Reverse 

response 


MBIO 


0.4/99.6/0.0 


121 


16400 


3-5 h 


> 5h 


MB32 


0.4/61.5/38.1 


27 


46000 


10-15 min 


20-30 min 


MB23 


0.4/39.6/60.0 


-10 


73900 


5-10 min 


15-20 min 



^ molar ratio of chromoreactand, methyl methacrylate and butyl acrylate; ^ Mp, number average 
molecular weight 
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and back- scattered light 
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and bottom section) 
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Flow channel 
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Fig. 6 Set-up of the flow-through cell connected to the optical fibre. The sensor layer is 
placed between top and bottom section of the module. Light is guided via the fibre to (and 
through) the sensor layer and is then reflected by the PTFE layer on top of the sensor layer. 
The reflected light is guided back to the detector via the fibre 



is found, a behaviour often observed with optical sensor membranes based 
on plasticised PVC, and (c) the copolymers do not require plasticisers, thus 
enhancing the operational and shelf lifetime. Copolymer membranes com- 
posed of alkyl acrylates are generally rather unpolar but the use of more polar 
monomers such as (meth)acrylates with 2-cyanoethyl, N,N-diethylaminoethyl 
or 2-alkoxyethyl groups for copolymer preparation is possible in order to facil- 
itate the extraction of polar analytes into the sensor layer. The mechanical sta- 
bility of membranes based on copolymers and of those based on plasticised 
PVC is comparable. 

In order to develop a device for simplified and rugged sensing of amines, a 
copolymer layer based on ETH^ 4012 has been coated with microporous white 
PTFE serving both as a protection against mechanical stress and as a reflector of 
light directed onto the sensor layer. Additionally, the microporous PTFE layer is 
only permeable for neutral analytes and not for ionic species. Reflectance meas- 
urements have then been performed in a specifically designed flow cell connect- 
ed via optical fibres to a diode array spectrophotometer (Fig. 6). This approach 
resulted in a sensor with operational and shelf life in the range of months [25]. 
In later experiments, the photometer was replaced by single LEDs and photodi- 
odes in order to miniaturize the device. 

3 

Sensing Alcohols 
3.1 

Trifluoroacetylstilbenes 

Ethanol is the main analyte in the wine- and brewing industries. Since vari- 
ous strains of yeast have become popular and are widely used in bio-transfor- 
mations, there is also a need for monitoring ethanol as a parameter in flavour 
synthesis and other areas of biotechnology. The reactand 4-AT,]V-dioctylamino- 
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Fig. 7 Absorbance and fluorescence spectra of the ethanol sensor layer in contact with plain 
buffer and aqueous ethanol, showing the decrease in both absorbance and fluorescence of 
the trifluoroacetyl form and the increase in absorbance of the hemiacetal 



4'-trifluoroacetylstilbene (ETH^ 4004) is a luminescent analogue of the amine- 
sensitive trifluoroacetylazobenzene derivative ETH^ 4001 [26,27]. ETH^ 4004 
is considered to be advantageous over absorbance-based dyes because it is 
more easily adapted to fibre optics and it can be combined with self-referenc- 
ing methods such as dual luminophore referencing in order to yield stable sen- 
sor signals [28-30]. On dissolving ETH^ 4004 together with the catalyst trido- 
decylmethylammonium chloride (TDMACl) in plasticised PVC, a sensor lay- 
er for alcohols is obtained. A response of the trifluoroacetyl group to alcohols 
is also observed without TDMACl, however, with a reaction rate in the range 
of hours. The absorbance maximum of ETH^ 4004 is located at 453 nm. Upon 
interaction with aqueous ethanol, the absorbance of the trifluoroacetyl form 
at 453 nm is decreased and a new absorbance of the hemiacetal at 373 nm is 
observed (Fig. 7). 

A similar behaviour is found on measuring the fluorescence of the sensor 
layers (now coated with perm-selective microporous PTFE in order to avoid 
possible cross-sensitivity to pH). The fluorescence excitation maximum of the 
reactand in plasticised PVC is located at 452 nm, and the emission maximum at 
576 nm (Fig. 7). Exposure to alcohol results in a decrease in fluorescence intensi- 
ty at 576 nm, which correlates with the decrease in absorbance of the membrane 
at 453 nm. At the same time the conversion of the reactand results in an increase 
in the fluorescence of the hemiacetal form at 420 nm, which correlates with the 
increase in absorbance at 373 nm. The response is fully reversed on exposure to 
plain buffer. When measuring the luminescence of the trifluoroacetyl form at 
576 nm, the relative signal change on going from 0 vol% to 40 vol% ethanol is as 
high as -35%, and response times are in the range of 5-10 min (Fig. 8). The lay- 
er exhibits comparable sensitivity to methanol while it is more responsive to the 
more lipophilic alcohols such as propanol and butanol. 
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Fig. 8 Response of the ethanol sensor layer to aqueous ethanol solutions. The excitation 
and the emission wavelengths were set to 450 and 560 nm, respectively 



Table 4. Measurement of alcohol content in beverages using the ethanol sensor layer based 
on ETH'^ 4004 



Sample 


Measured using ETH^ 4004 
in PVC/DOS [% (v/v)] 


Reported 
[% (v/v)] 


Chasselas de Geneve 


10.7 ± 0.4 


11.2 


Chai de Bordes-Quancard 


11.6 ±0.2 


11.5 


Rioja Glorioso (red wine) 


17.4 ±0.4 


12.5 


Rioja Glorioso decolourised 


12.9 ± 0.3 


12.5 


Baselbieter Kirsch 


39.0 ± 0.2 


37.5 


Vodka Moskovskaya 


40.4 ± 0.5 


40.0 



A sensor layer (coated with microporous PTFE) was used to measure the 
alcohol content of different wine and vodka samples. The results are shown in 
Table 4 and mostly correlate with the reported data. However, the measured eth- 
anol concentration for red wine is significantly higher than the reported val- 
ue. Therefore, red wine was investigated after decolourisation with activated 
carbon. Then, the ethanol concentration was found to agree with the report- 
ed value. This clearly shows that sample colours can cause problems. It seems 
that the coloured components of red wine diffused through the PTFE layer and 
quenched the fluorescence of the reactand. As a consequence, reactands (such as 
CR-573) with both absorbance and emission at longer wavelengths are required 
for real measurements. 
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The use of ETH^ 4001 and ETH^ 4004 for amine and ethanol sensing is based 
on the chemical reactivity of trifluoroacetyl derivatives with nucleophilic ana- 
lytes. At first sight, such a general reactivity with nucleophilic species might lim- 
it practical application because of a low selectivity. However, there are sever- 
al parameters that allow tailoring of the selectivity of the above sensors. Alco- 
hols, for example, are usually encountered in bioreactors or during fermentation 
at neutral or slightly acidic pH. Under such experimental conditions, possibly 
interfering aliphatic amines are not reactive because they are protonated. In 
contrast, the measurement of amines is less affected by the presence of alcohols 
because alcohols are significantly less nucleophilic. Thus, the sensitivity to alco- 
hols is usually smaller by a factor of thousand and the response to alcohols is 
slow without catalyst. Amines can be differentiated by their pK-^ because aromat- 
ic amines are usually chemically reactive (unprotonated) at neutral pH where- 
as aliphatic amines have to be measured at pH values of above 10. Finally, the 
reactivity of trifluoroacetyl derivatives towards water (diol formation) can be 
restricted by the use of hydrophobic polymers such as poly(hexylmethacrylate) 
or a combination of PVC with specific plasticisers [16]. 

4 

Sensing Aldehydes 
4.1 

Perylene Tetracarboxylbisimides 

Aldehydes are present in disinfectants, are widely used for the preparation of 
resins and may be found in indoor air, in auto exhaust gases or rain water. The 
fluororeactand iV-amino-N' -( 1 -hexylheptyl)perylene-3,4:9, 1 0-tetracarboxyl 

bisimide can be used to detect aldehydes and ketones because it exhibits a reac- 
tive amino group. This amino group quenches the fluorescence of the peryl- 
ene dye but if the amino group is converted into a Schiff base (via heating in 
dry organic solvents), dequenching of fluorescence occurs and an increase in 
fluorescence upon chemical reaction with aldehydes/ketones is observed [31]. 
The dye proved to be unsuitable for labelling aldehydes because the stability of 
the condensation products in organic solvents was low. However, the chemical 
instability of these products indicated a possible reversibility in polymer layers 
and consequently, the perylene dye was used for the preparation of optical sen- 
sors. 

Sensor layers composed of the fluororeactand, PVC and tris(2-ethylhexyl)- 
phosphate were investigated for their response to buffered solutions of aqueous 
propionaldehyde. The sensor membrane exhibits only weak fluorescence upon 
exposure to plain buffer of pH 2.5. When the layer is in contact with aqueous 
buffer solutions containing propionaldehyde, a strong increase in fluorescence 
at 534 nm, 576 nm, and 613 nm is observed (Fig. 9). The fluorescence intensi- 
ty of the reactand is dependent on the concentration of the aldehyde, and the 
response is fully reversible. The sensor membrane shows highest sensitivity to 
propionaldehyde in the 5 mM-100 mM range, with a LOD of 0.3 mM. A signifi- 
cant effect of sample pH on the response time is observed, indicating acid catal- 
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Fig. 9 Fluorescence emission spectra of a sensor layer composed of plasticised PVC and 
N-amino-iV'-(l-hexylheptyl)perylene-3,4:9,10-tetracarboxylbisimide in contact with plain 
buffer and buffered solutions of propionaldebyde, all at pH 2.5. Tbe excitation wavelength 
was set to 485 nm 



Table 5. Selectivity coefficients logiC^’^^^ of the sensor membrane containing the fluorore- 
actand J-57 towards aldehydes and ketones relative to propionaldebyde, and logiCow of the 
respective aldehydes and ketones 



Analyte 


\ogK'>P‘ 


log^OW 


Analyte 


\ogK»P‘ 


logKow 


formaldehyde 


-1.8 


0.35 


glutaraldehyde 


-0.9 


N/A 


acetaldehyde 


-0.4 


0.45 


acetone 


-1.5 


-0.24 


propionaldebyde 


0.0 


0.59 


ethyl methyl ketone 


-1.3 


0.29 


butyraldehyde 


1.0 


0.88 


diethyl ketone 


-1.6 


0.82 


glyoxal 


<-3.0 


N/A 


ethanol 


<-3.0 


-0.30 



ysis for the chemical interaction of the reactand with aldehydes in the mem- 
brane. The response time on changing from plain buffer to 137.4 mM propion- 
aldehyde and vice versa is in the range of 2-6 min at pH 2.0, 15-45 min at pH 
4.0 and 50-180 min at pH 6.0. However, the magnitude of the signal changes is 
not affected by pH. 

While a Schiff base is formed on heating the perylene reactand with alde- 
hydes in dry chloroform [31], it is thought that a hemiaminal rather than a 
Schiff base is formed in the sensor membrane because of the high water content 
under experimental conditions and because the reaction proceeds reversibly at 
room temperature. Unfortunately, due to rather low solubility of the reactand 
in the polymer layer, an IR-spectroscopic evaluation of the mechanism was not 
possible. 

The selectivity pattern is comparable to that already observed with sensors 
for amines and alcohols based on ETH^ 4001 and 4004. Again a dependence 
of the response on the lipophilicity of the respective aldehyde is found in that 
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highest sensitivity is observed for butyraldehyde, followed by propionaldehyde, 
acetaldehyde, glutaraldehyde, formaldehyde and glyoxal [32]. The sensitivity to 
all investigated ketones is relatively small (Table 5). This difference is due to 
the fact that ketones are less electrophilic than aldehydes and have a sterically 
demanding structure. Recently, a new chromoreactand for aldehydes (1-amino- 
4-(4-decylphenylazo)-naphthalene, CR-418) has been synthesized that deviates 
from this selectivity pattern in that it exhibits higher sensitivity to formalde- 
hyde than to acetaldehyde or propionaldehyde. The resulting sensor membrane 
responds to formaldehyde in the 1-100 mM range with a limit of detection of 
0.2 mM. 

5 

Conclusions and Outlook 

Chromo- and fluororeactands represent a new approach to the detection of 
electrically neutral analytes with advantages such as absorbance and fluores- 
cence in the visible spectral range, compatibility with cheap light sources and 
detectors, and large signal changes upon exposure to the analyte. The sensor 
layers exhibit good operational and shelf life, especially in the case of copoly- 
mer materials. Considering that chemical reactions are taking place rather than 
complexation processes, the response is usually quite fast and can be improved 
by appropriate catalysts. 

Nevertheless, sensor characteristics such as selectivity and sensitivity still 
demand improvement. In this context, the preparation of molecularly imprint- 
ed polymers (MIPs) is one interesting approach [33]. Trifluoroacetylazoben- 
zene dyes with methacrylate groups are promising candidates because the tri- 
fluoroacetyl group will be responsible for forming a covalent bond during the 
imprinting process while the comonomers record the analyte's shape during 
polymerisation. Releasing and binding of the analyte will then cause analyte- 
selective colour changes. 

Molecular imprinting is thought to provide an enhancement in selectivi- 
ty and sensitivity for analytes such as sugars, amino acid derivatives, drugs or 
neurotransmitters. Using more than one reactand in the imprinted polymer is 
expected to give multiple interactions with the analyte and colour changes at 
different wavelengths corresponding to these different interactions (to be eval- 
uated by chemometrics). 

Reactands may be used in optical artificial noses [34] but the development of 
more selective calorimetric and capacitive microsensors for electronic noses is 
promising as well, because chemical reactions yield changes in both the reaction 
enthalpy and the dipole moment [15]. The covalent immobilisation of reactands 
on AFM or SNOM sensor surfaces may be beneficial for a selective recognition 
of functional groups with a high local resolution. 
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CHAPTER 4 



Design, Quality Control and Normalization of Biosensor Chips 

Claudia Preininger, Ursula Sauer 



1 

Introduction 

With the completion of the human genome project biochip technologies 
have boosted and revolutionized automated genomic and proteomic analysis 
(www.microarrays.org; www.gene-chips.com) [1-7]. Based on conventional bio- 
molecular techniques such as Southern and Northern blotting, sample prepa- 
ration and assay was miniaturized by micromachining and microbiochemis- 
try implemented efficiently by automated processes. To use biochip technolo- 
gies for high throughput applications the system was adapted for high levels of 
parallelization. The potential of biochips lies in the parallel analysis of a huge 
number of probes, measured at once instead of one probe after the other. Such a 
technique speeds up biomolecular analysis tremendously. DNA chips have been 
widely used for gene expression, functional analysis, gene mapping and gen- 
otyping. Measuring RNA levels, however, might not give a complete or accu- 
rate description of a biological system. Because proteins mediate nearly all cel- 
lular activities, biochips have also been applied at the protein level (“proteom- 
ics”) [8,9]. 

The term “biochip” is derived from the term designating microelectronic 
chips produced by the photolithographic industry. While in the early days of 
biochip technology biochips were defined as devices made of semiconductor 
materials forming miniaturized electronic circuits, the term biochip has taken 
on several meanings over the years and has become more generic. Nowadays, a 
biochip is defined as a material or device that consists of a solid substrate pro- 
viding reactive test sites and containing highly ordered grids of biomolecular 
probes for parallel, high throughput analysis. In the literature, various terms 
have been used to refer to biochips: biochip, DNA chip, protein chip, DNA 
microarray, protein microarray, biosensor array etc. 

There are two categories of biochips: 

- Biochips consisting of a solid or gel-type substrate: the biological reaction 
takes place on the chip; sampling, washing and detection are performed sep- 
arately. 

- Integrated biochips [10] or lab-on-chips, which have all the necessary ele- 
ments built into one chip. Microfluidics, which can be described in the 
present context as fluid-based biochemistry reduced to very small volumes 
in order to facilitate large scale analysis on a chip, is the process implemented 
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in order to maintain adequate access to the solutions needed in each element 

of the chip. 

There is a strong industry commitment to the development of biochip tech- 
nologies for faster and more effective food control, water analysis and environ- 
mental restoration. Biochips can be used for the identification of toxic bacteria 
and organic pollutants in water, and as a preselection and screening method for 
genes that enable natural enzymes to metabolize and detoxify chemicals. Such 
genes can be transferred into common bacteria for remediation of contaminat- 
ed land or water. In agriculture biochips are applied for disease and mutation 
detection to identify genes that increase the plants^ resistance against e.g. mold. 

In the last twenty years questions of environmental and industrial interest 
have been coming to the fore of research. The requirements for testing threats 
in complex samples are high sensitivity and specificity, together with a high 
throughput in a short time. Small sample volumes and low reagent demand call 
for the miniaturization of the analytical devices. The development of biochips 
takes these specifications into account; size reduction and the integration of sev- 
eral sensors in one device. Technologies which allow on-site use, additionally 
have to be easy to apply and inexpensive, and sample preparation should not be 
time-consuming. 

The main field of application of biochips is gene expression profiling. As the 
detection of pollutants, toxicants and biowarfare agents in water, soil, and food 
products is of rising concern, the potential of biochip technology is explored for 
these applications [11]. In contrast to conventional techniques (Northern blot- 
ting, differential display, SAGE, and dotblot analysis), new technologies allow 
screening of high numbers of mRNA under numerous different conditions. 
The production of series of biochips facilitates comparative studies of a large 
number of samples [12]. 

Up to now, assessing the risk of transgenic agricultural products has been 
limited to comparisions of a small number of nutrients and known toxins, 
between the transformed line and the starting plant. Analysis of altered gene 
expression will give a broader insight into the effect of food components on 
the human intestine [12]. Another application of biochips is in the rapid iden- 
tification of pathogens and food-spoilage bacteria and subsequently the devel- 
opment of new antimicrobial strategies. The mechanisms by which bacteria 
become resistant against antimicrobial substances can be analyzed by the use of 
biochips with sensitve and resistant strains [13]. Wu et al. [14] demonstrate the 
use of microarrays for the investigation of selected genes of microbial commu- 
nities in marine sediments and soil samples. Diagnostic oligonucleotide micro- 
arrays, using variable regions of microbial 16S rRNA as probes, were employed 
for the detection and quantification of microbial populations in the natural 
environment [15, 16]. In the field of toxicogenomics, a discipline dealing with 
the question of how genes respond to a toxicant, chip technology provides fast- 
er, cheaper and more accurate results than animal testing [17]. 

Miniaturized immunoassays and enzymatic reactions were, for instance, 
developed for water pollution control [18, 19] and for the detection of diox- 
ins, polychlorinated biphenyls and atrazine [20]. Rowe-Taitt et al. [21] devel- 
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oped a biochip for detecting hazardous bacterial strains and toxins. Antibodies 
specific for Bacillus anthracis, Francisella tularensis and Brucella abortus were 
immobilized on the surface of a planar waveguide, to capture antigen present 
in the sample. An array biosensor consisting of sandwich immunoassays was 
employed for the identification of bacterial, viral and protein analytes [22]. 

Taylor and Walt [23] developed a cell based biosensing array for measuring 
the response of cells to changes in the environment. By etching wells into the 
distal end of an optical immaging fiber, compartments for individual cells were 
produced. The location of the cells was determined by labels, each cell popula- 
tion was stained with a non-toxic, live-cell encoding dye. 

2 

Principle 

A fluorescently labelled target is hybridized to the chip, consisting of a set of 
regularly arranged spots of biomolecular probes such as oligonucleotides, PCR- 
amplified cDNA or proteins. At positions on the array where the immobilized 
probe recognizes a complementary target, binding occurs which is then detect- 
ed by a fluorescence scanner. The data output consists of a list of binding events. 



purification of gene 
sequences 

i 

reverse transcription, 
labelling & amplification 



target, c.g, cDNA 




Fig.l. Principle of biochip technology: sequencing-by-hybridization 
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indicating the presence or the relative abundance of specific targets in the sam- 
ple. In Fig. 1. the principle of on-chip hybridization is shown. 

Biochips can be used either for measuring differential expression between 
two populations [12] or for testing for the presence of a DNA sequence (rese- 
quencing) [24, 25]. Protein chips have been applied in expression profiling and 
antibody detection [26], binding specificities of a protein expression library and 
protein-protein interactions [27, 28]. 

3 

Biochip Fabrication 
3.1 

Biomolecular Probes 

Modified oligonucleotides, cDNA, gene fragments and PCR products are used 
as probes in DNA chips. Targets come either from genomic DNA, cloned DNA, 
cDNA or RNA. Fluorescently labelled targets are prepared by appropriate meth- 
ods, for instance isolated DNA or RNA is amplified by PCR using fluorescent 
primer pairs. For gene expression studies, the fluorescent probes are usually 
produced from RNA by incorporating fluorescent nucleotides into complemen- 
tary DNA (cDNA). 20 pM oligonucleotide probe and 50-250 ng/pL PCR prod- 
uct are recommended for chip immobilization. Lower concentrations result in 
hybridization signals that are too weak and thus in low sensitivity, whereas an 
overly high concentration sometimes causes comet tails produced by DNA that 
do not bind to the chip surface. For transcriptional profiling, oligos have to be 
designed to minimize cross-hybridization with any other DNA sequences that 
may be present in the sample. On the other hand, oligos for detection purposes 
have to hybridize to each member within the targeted group of sequences, thus 
these probes consist of regions of high sequence conservation [16]. For probe 
design software programmes are used, such as the ARB phylogenetic software, 
developed by Strunk and Ludwig (www.arb-home.de). As an alternative to oli- 
gonucleotides, peptide nucleic acids (PNAs) are used for diagnostics. PNAs 
exhibit greater binding affinity and specificity, and are capable of discriminat- 
ing among single base mismatches [29]. 

Monoclonal and polyclonal antibodies serve as specific affinity ligands in 
protein chips. Though monoclonal/polyclonal pairs are more readily available 
than monoclonal/monoclonal pairs, polyclonal antibodies often cause higher 
background and lower sensitivity and specificity. 



3.2 

Array Manufacture 

A chip array can be formed by 

- in situ light-directed combinatorial on-chip synthesis 

- arraying pre-synthesized biomolecular elements on pre-activated chip sur- 
faces 

- electronic addressing 
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Fig. 2. Processes involved in a biochip experiment 



Processes involved in chip manufacture and analysis are outlined schematical- 
ly in Fig. 2. 

Light-directed chemical synthesis [30, 31] (see Fig. 3.) makes use of photo- 
lithographic masks to define the chip exposure sites. In this process, the chip 
surface containing light-protective groups is selectively illuminated by light 
passing through a photolithographic mask. Deprotection of the illuminat- 
ed sites leads to activation and chemical coupling of nucleosides at the specif- 
ic test sites. The process is repeated several times in order to grovr base chains 
and complete the multiple probe array. In situ light-directed synthesis can pro- 
duce the highest packing density of all spotting techniques (at least one order of 
magnitude higher than conventional biochip arrayers). However, errors occur- 
ring in the synthesis process cannot be corrected, and, compared to printing 
techniques, the photolithographic method is rather expensive, since a different 
photolithographic mask is required for every DNA letter. By using 5 ' [2-(2-nitro- 
phenyl)-propyloxycarbonyl]-2'-deoxynucleoside phosphoramidites instead of 
the Affymetrix chemistry, the yield during oligo synthesis on the chip surface 
can be improved by at least 12% per condensate reaction [32]. 

Non-contact biochip arrayers, commonly based on the piezoelectric effect, 
can apply controlled sub-nanoliter probe volumes to pre-specified locations on 
the chip surface. Due to the fact that the dispenser does not touch the surface, a 
non-contact arrayer provides low risk of contamination and is most suitable for 
printing on soft materials such as hydrogels. Contact arrayers make use of pins 
or capillaries to transfer probes to specific test sites on the chip. The Pin-and- 
Ring™ technology by Affymetrix consists of a horizontal open ring and a ver- 
tical pin. During arraying, the ring is dipped into the probe - the probe is held 
within the ring by means of surface tension - and moved to the desired position 
on the chip. In order to make a spot, the pin is driven down through the ring and 
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Fig. 3. Principle of light-directed in situ synthesis; PI: deprotection of reactive groups, P2: 
chemical coupling of DNA letter 



a portion of the probe is transferred to the pin’s end and deposited at the desired 
position on the surface. 

The degree of uniformity among printed spots strongly affects the quality of 
data obtained from chip analysis. The spots must be of the same shape and size 
throughout a slide and from one slide to another. The uniformity of an array’s 
grid depends to a critical extent on the arrayer’s ability to precisely and accu- 
rately move to the desired location. The resolution of the xy-movement is about 
10 pm. The z-axis placement, i.e. the distance between the pins and the chip sur- 
face, influences the spreading of the droplet. Another limiting factor of the array 
system is the set of pins and dispensers. It is truly difficult to get a matched set 
of printing tips that are uniform in size, shape and height. Some arrayers are 
equipped with enclosed filter, source and slide-plate cooling, as well as humid- 
ity and temperature control. In deciding what sort of arrayer is most suitable, 
reseachers are recommended to refer to several reviews on different arraying 
technologies and instruments: 

www.biorobotics.com/ ; www.genemachines.com/; 

wvw.lab-on-a-chip.com; 

wvm.xenopore.com/products.htm. 






4 Design, Quality Control and Normalization of Biosensor Chips 73 



-A 

-T 



I 





Fig. 4. Placement of negatively charged DNA to positvely activated test sites 



Electronic addressing (see Fig. 4.), introduced by Nanogen (www.nanogen.com), 
is based on the fact that, negatively charged DNA moves toward specific test sites 
when positive voltage is applied. In contrast to conventional biochip analysis, in 
this case hybridization does not take place under conditions involving reaction 
rates controlled by temperature and salt concentrations in solutions, rather it 
is accelerated by applying an electrical field, resulting in a significant improve- 
ment in performance. 



3.3 

Slides and Immobilization 

Several solid substrates (glass [33], porous membranes [34], polypropylene [35]) 
have been utilized for application in biochips. Glass offers a number of practi- 
cal advantages, such as mechanical stability and low autofluorescence. Due to the 
non-porous character of glass chips, the volume of the hybridization solution 
can be kept to a minimum and probe-target interaction is not limited by diffu- 
sion into pores. However, three-dimensional microporous surfaces such as nitro- 
cellulose [34], polyacrylamide [36] and poly( vinyl alcohol) [37] yield stronger 
signals and thus more consistent data than do two-dimensional glass surfaces. 

Important criteria for biomolecule immobilization are high functionality of 
the chip surface, high immobilization capacity and density of the attachment, 
stable linkage between the biomolecule and the solid support, good accessibil- 
ity for the interacting molecules, and low non-specific binding. Depending on 
the size of the probe, either covalent or electrostatic immobilization may be pre- 
ferred. In general, oligonucleotides and DNA fragments of approximately 20 to 
70 bases are amino-modified and bound covalently to the chip surface. Com- 
plete or partially complementary DNA of up to 5000 nucleotide bases is bound 
to the chip by electrostatic adsorption. 

Commercially available glass chips provide reactive aldehyde, amino, mer- 
capto or epoxy groups for covalent binding of DNA. To covalently bind oli- 
gonucleotides to reactive chip surfaces, the oligonucleotides are modified at 
their 5 'end, most often with a primary amino group. However, thiol- and allyl- 
modified [36], silanized and acrylic-labelled [38], acrylamide-modified [39], 
hydrazide [40] and biotinylated oligonucleotides have also been synthesized. 
Synthetic oligonucleotides that provide an acrylamide group can be utilized for 
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attachment to a thiol-functionalized surface, forming a stable thioether linkage. 
Zhao et al. [41] described the efficient binding of oligodeoxyribonucleotides 
modified with multiple phosphorothioate moieties when binding to bromoa- 
cetamidosilane-coated slides. Strategies for the covalent binding of pre-synthe- 
sized oligonucleotides to chip surfaces such as reactive glass slides, gold films, 
polyacrylamide gel pads, and polypyrrole films [42] are reviewed in [43]. In 
[44] plasma polymerization was used to form an anchorage layer for streptavi- 
din immobilization. Using biotinylated DNA, a biochip was created that showed 
improved non-specific binding compared with poly-L-lysine coated glass chips. 
Zammatteo et al. [45] compared different immobilization chemistries on glass 
surfaces optimizing the coupling procedure and the hybridization efficiency. As 
a result of these studies, aldehyde-modified glass chips have come to be consid- 
ered the reactive surface of choice. 

The covalent attachment of disulfide-modified oligonucleotides to 3-mer- 
captopropyl silane-modified surfaces via a thiol/disulfide exchange reaction is 
an alternative method, allowing array densities of about 20000 spots/cm^. The 
results of Rogers et al. [46] show that the hybridization efficiency was directly 
related to probe attachment density. In reference [47] the covalent and direct- 
ed immobilization of DNA on glass-type oxide surfaces is described. A char- 
acteristic feature of the protocol is the deposition of DNA-droplets on a heat- 
ed surface, which results in a more efficient coupling reaction (150-300 fmol/ 
mm^). Lindroos et al. [48] compared six different commercially available slides 
with respect to their fluorescence background, the efficiency of the attachment 
reaction, and signal-to-noise ratio. A seven times stronger hybridization sig- 
nal was found on epoxy-slides than on aldehyde-, isothiocyanate-, mercapto-, 
or unmodified glass slides. Dolan et al. [49] reported on diazotized chip surfac- 
es for the immobilization of unmodified oligonucleotides. They showed that the 
p-aminophenyltrimethoxysilane (ATMS)/diazotization chemistry developed 
was superior to commercial poly-L-lysine and silylated slides with respect to 
probe concentration and fluorescence background. However, in order to keep 
the diazonium salt stable, all processes involved in chip manufacturing have to 
be performed at 4 ®C. A highly functional chip was constructed by using polya- 
midoamine (PAMAM) dendrimers containing 64 primary amino groups mod- 
ified with a glutaric anhydride and N-hydroxysuccinimide layer for immobili- 
zation of amino-modified oligonucleotides. Compared with planar, amino- and 
epoxy-silanized surfaces, the hybridization signal was 8 to 10 times higher [50]. 
Sung [51] compared flat aminosilane layers with aziridine-polymerized lay- 
ers. As expected, hybridization fluorescence was enhanced on aziridine surfac- 
es due to the higher density of reactive groups. However, surface density was 
not found to have any effect on the discrimination of terminal and internal mis- 
matched oligonucleotides. In general, surface density affects the extent of inter- 
action between neighbouring probes as well as interaction between the immo- 
bilized probes and the substrate surface. High immobilization capacity results 
in a strong fluorescence signal, yet a reduced dynamic range. 

Chips for non-covalent immobilization use nylon, poly-L-lysine and nitrocel- 
lulose as immobilization matrices, interfacial streptavidin-biotin layers or 3D 
link hydrogels, such as polyacrylamide. Cationic polyelectrolytes such as poly- 
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(diallyldimethylammonium) (PDDA) can be applied in order to electrostatically 
bind negatively charged DNA as well [52]. It is obvious from literature cited that 
the sensitivity and fluorescence background of biochips critically depend on the 
effective immobilization of the biomolecular probes on the chip. As functions of 
varying surface chemistries, probe concentration, probe length and print buffer 
need to be optimized. Slide autofluorescence, reproducibility of arraying, spot 
morphology, binding efficiency and probe purification are crucial for the accu- 
racy and reliability of chip analysis data. The signal intensity depends mainly on 
the functionality of the chip surface, the immobilization capacity and the densi- 
ty of attachment as well as accessibility for the interacting molecules. Southern 
et al. [53] reported that the orientation and the packing density of the immobi- 
lized probes have a direct bearing on the hybridization process. In general, the 
immobilization of longer oligonucleotides (up to 70 bases) leads to a strong- 
er hybridization fluorescence. Oligonucleotides on long spacers are lifted away 
from the surface and their neighbors and are therefore more accessible for inter- 
acting with targets. Clearly, the effect of spacer length on the hybridization sig- 
nal is a result of the surface chemistry used for probe immobilization [54]. In 
most cases the optimal spacer length is a trade-off between the optimal signal 
intensity and the risk of cross-hybridizations. Long target sequences are like- 
ly to fold in on themselves and their bulk hinders them from approaching the 
surface. Short targets can better interact with an immobilzed probe and do not 
form duplexes as a result of intramolecular base pairing. In the ideal case, probe 
and target will have the same length. 

For the immobilization of proteins [55-57], hydrogels which provide a 
three-dimensional, solution-like environment are needed in order to keep the 
protein spots hydrated at all times and to prevent the proteins from denatur- 
ing. Immobilized proteins may be denatured by hydrophobic or ionic interac- 
tion with the chip surface or by the potential energy stored at the air-liquid 
interface. In order to avoid denaturation and to bind proteins site-specifical- 
ly to the surface without provoking steric hindrance, linker molecules, such as 
biotin, protein G or protein A or Fc-fusion products are used. Stabilizers such 
as glycerol are added to the print buffer in order to prevent the protein spots 
from drying during array fabrication and to maintain the protein’s structure 
and activity. Stabilizers, however, can cause blocking of pins due to differences 
in viscosity and wettability. Humidity control during arraying is also a crucial 
parameter. Affinity chemistry methods, based on the reversible complexation 
of phenyl(di)boronic acid (P(D)BA) with salicylhydroxamic acid (SFIA), were 
exclusively developed for protein immobilization (www.prolinx.com). Proteins 
can also be immobilized on poly(ethylene glycol) -modified surfaces via biotin- 
streptavidin interaction [58, 59]. A number of other approaches include hydro- 
gels [36,37] and dextran-based platforms [60] (www.biacore.com). Attempts at 
reducing non-specific binding involve the use of poly(ethylene glycol) [61] or 
blocking agents. When using recombinant proteins, amino- or carboxy-termi- 
nal tags can be introduced. His-tags, amino-terminal serine or threonine res- 
idues can be used for oriented protein immobilization, so that the biological- 
ly active site is lifted away from the surface, rendering it easily accessible for 
the target. 
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Eickhoff et al. [62] have described 2D/3D biochips which consist of a high- 
ly ordered grid of drops on a lipophilic chip surface. The drops serve as anchors 
for the incorporation and analysis of liquid samples and represent a virtually 
barrier-free three-dimensional reaction chamber for biochemical reactions. 

4 

Optical Read-out 

In conventional chip experiments, fluorescence scanners are used for chip read- 
out. In the case of laser scanners, HeNe lasers are used as excitation sources and 
photomultiplier tubes as detectors, whereas CCD-based scanners use white light 
sources. The optical system can be confocal or non-confocal. There has been 
controversy among researchers as to which technology is superior. Cheung et 
al. [63] have shown that a non-confocal approach leads to the best signal qual- 
ity as well as a good signal-to-noise ratio; in this procedure all of the photons 
are captured and all of the fluorescence reflected from the surface is detected. 
In the case of confocal fluorescence scanners, fluorescence occurs in the plane 
illuminated by the excitation light cone. The correct plane of focus being crit- 
ical, the confocal method clearly reduces out-of-focus fluorescent light. Stand- 
ard biochip experiments are performed using two fluorescent labels as report- 
er molecules. The most widely used fluorescent labels are Cy3 (Xex = 532 nm) 
and Cy5 (Xex = 635 nm) (Amersham Biosciences). Alternative indicators are 
the Alexa Fluor dyes from Molecular Probes and a series of bridged hemi- 
cyanine dyes, e.g. Dy-630-NHS from Dyomics. A third fluorescent label might 
be attached to the biomolecular probes and used to check the spot quality. Mul- 
tiple laser excitation becomes necessary with simultaneous detection of single 
nucleotide polymorphisms (SNPs). 

The background problem can be further overcome when using a surface- 
confined fluorescence excitation and detection scheme: at a certain angle of 
incident light, total internal reflection (TIR) occurs at the interface of a dense 
(e.g. quartz) and less dense (e.g. water) medium. An evanescent wave is gen- 
erated which penetrates into the less dense medium and decays exponential- 
ly. Optical detection of the binding event is restricted to the penetration depth 
of the evanescent field and thus to the surface-bound molecules. Fluorescence 
from unbound molecules in the bulk solution is not detected. In contrast to 
standard fluorescence scanners, which detect the fluorescence after hybridiza- 
tion, evanescent wave technology allows the measurement of real-time kinetics 
(www.zeptosens.com, www.affinity-sensors.com). 

Alternative optical methods not requiring any label are based on either sur- 
face plasmon resonance (SPR) (www.biacore.com) or reflectometric interfer- 
ence spectroscopy (RifS) (www.analytik-jena.de). SPR relies on the excitation of 
surface plasmons at a metal/liquid interface, reducing the reflected light intensi- 
ty at a certain angle and wavelength. Biomolecular binding events cause chang- 
es in the refractive index at the surface layer and these are detected as changes 
in the SPR signal. Fluorescent targets can also be detected in a surface plasmon 
field if they are at a certain distance (a few nm) from the metal surface. Lieber- 
mann et al. [64] used surface-plasmon-field-enhanced fluorescence spectrosco- 
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py to detect the hybridization of a fluorophor-labelled oligonucleotide target. In 
order to keep losses due to energy transfer to the metal small, an interfacial lay- 
er of beyond 2 Forster radii based on the biotin/streptavidin chemistry is built 
up. The hybridization event could be quantitatively measured with a detection 
limit as low as 100 target molecules/pm^. Care must be taken that the fluoro- 
phores attached to the target are placed within the exponentially decaying opti- 
cal field of surface plasmons after binding and that the fluorophore is not in too 
close proximity to the metal surface in order not to quench a substantial part of 
the light. Rifs is based on the interference of light beams reflected at interfaces 
with different refractive indices. Upon illumination by white light, the intensity 
of the reflected light is detected in dependence on the wavelength and an inter- 
ference pattern is obtained. When binding occurs, the optical thickness chang- 
es. These changes lead to changes in the interference spectrum which can be 
detected [65,66]. 

Though biochip technology is advancing and gaining increasing importance 
in life sciences, biochips suffer from insufficient sensitivity at low RNA con- 
centrations and from a sometimes poor signal-to-noise ratio. By applying sur- 
face-enhanced fluorescence techniques (SEF) using metal nanofilms and nano- 
clusters, this problem can be overcome. The principle is based on the enhanced 
absorption and emission of a fluorophore when bound at a certain distance to a 
resonant layer of a metal or a semiconductor or both. On excitation the fluores- 
cence of the fluorophor changes due to radiative losses of the molecular field to 
nonradiating plasmons in the metal. At zero distance from the metal, the fluo- 
rescence emission is completely quenched. 

Mayer et al. [67] reported on a high throughput chip for detection of struc- 
tural and conformational changes in DNA and proteins based on metal nano- 
cluster resonance transducers. The chip consists of a reflecting mirror layer 
preferably made of an electron-conducting metal or cluster layer, a resonance 
layer made of a lipophilic polymer or an inorganic glass, a biointeraction layer, 
e.g. crosslinked proteins about 2-100 molecules thick (10-300 nm), and a lay- 
er of metal nanoclusters sputtered onto the top of the chip or adsorbed from 
aqueous solutions. Optimal resonance is achieved within 10-400 nm distance 
between cluster and mirror. Surface-enhanced light adsorption was measured 
as a shift of the maxima or as an increase or decrease of the reflectance at a 
defined wavelength. 

In the place of fluorescent indicators, nanoparticles such as latex fluorescent 
nanospheres (commercially available), luminescent quantum dots and optically 
active metal nanoparticles are used for labelling DNA and protein probes. Com- 
pared to organic fluorophores, nanoparticle probes are more photostable and 
provide bright and steady fluorescence. However, 20-nm sized nanoparticles are 
much larger than fluorescent indicators, a fact that could cause problems due to 
binding kinetics and steric hindrance. Because each nanoparticle contains hun- 
dreds of dye molecules, nanoparticle probes are not suitable for chip detection 
using fluorescence resonance energy transfer (FRET). To overcome this prob- 
lem 2-5 nm sized quantum dots can be applied, offering the advantages of size- 
tuneable emission, symmetrical spectra, and simultaneous excitation of differ- 
ent quantum dots at a single wavelength. Taylor et al. [68] reported on bioconju- 
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gated fluorescent nanoparticles crosslinked to the restriction enzyme EcoRl via 
l-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide (EDAC) for targeting specif- 
ic sequences of single DNA molecules. Kohler et al. [69] described oligonucle- 
otide-modified gold nanoparticles with diameters of 15 to 60 nm as novel labels 
in biochip technology. Chip read-out was performed by detection of transmit- 
ted and reflected light. With this method 4-pm spots could easily be imaged. 

DNA probes are attached to gold nanoparticles which bind to the target 
present in the sample solution. Upon binding the nanoparticle probe changes 
color. No amplification step is required. Taton et al. [70, 71] note that this type 
of technology could eliminate the need for PCR as a diagnostic tool. Using gold 
nanoprobe technology, the chips can be developed like photographs and thus do 
not require expensive optical set-ups. The silver in the photographic developing 
solution reacts with gold and amplifies the probe signal by as much as 100 000 
times. Hybridized spots appear as grey spots in the scan. The darker the spot, the 
more target DNA is present. 

Size-selected CdSe nanocrystals (18-70 A) wrapped in several monolayers of 
ZnS show promise as new, bright labels in genomics and proteomics. Han et al. 
[72] reported the incorporation of semiconductor dots in polymer beads in con- 
trolled ratios and demonstrated the use of beads with three colors of quantum 
dots in a DNA hybridization assay. Semiconductor quantum dots (QDs) such as 
ZnS-capped CdSe nanocrystals allow multicolor optical coding of biochips by 
means of conjugating a biomolecular probe with the surface of a polymer bead 
containing an identification code in its interior. In contrast to previous stud- 
ies using water-soluble quantum dots [73-75], hydrophobic quantum dots were 
incorporated into crosslinked beads formed by emulsion polymerization of sty- 
rene, divinylbenzene, and acrylic acid and applied to multiplex spectral cod- 
ing. Quantum dots act as ideal fluorophores because their fluorescence emission 
wavelength can continuously be tuned by changing the particle size, and a sin- 
gle wavelength can be used for simultaneous excitation of different-sized QDs. 
In general, n intensity levels with m colors generate (n^-1) unique codes. Han et 
al. [72] have shown that embedded QDs have optical properties similar to free 
QDs and that the ratio of the two fluorescence intensities equals the number of 
QDs per bead. The linear relation between the fluorescence intensity and the 
number of incorporated QDs confirms the lack of FRET among the QDs in the 
bead, which is a key requirement for multiplexed optical coding. 

Quantum dots are nanometer scale particles containing nanocrystallites 
of zinc and cadmium sulfides and selenides that provide extraordinary opti- 
cal properties. Quantum dots are photostable and emit absorbed light in mul- 
tiple, resolvable colors varying according to size. Thus, the wavelength of both 
the incident and the emitted light can be tuned by the particle size, producing 
a whole set of colors ranging from ultraviolet to infrared. In contrast to fluor- 
ophores, a number of quantum dots can be excited simultaneously at a single 
wavelength using only one light source. Suitable light sources are lamps, lasers 
and light emitting diodes (LEDs). Because each quantum dot has the same exci- 
tation wavelength regardless of size, yet an emission wavelength that is size- 
dependent, these dots eliminate the need for multiple laser sources in micros- 
copy set-ups. Furthermore, quantum dots show narrow, symmetrical emission 
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spectra with minimal spectral overlap, which allow multiple colors to be detect- 
ed with simple optics, resulting in turn in a significant decrease in cost and tre- 
mendous increase in sensitivity. 

An increase in sensitivity and reliability of chip analysis can also be achieved 
by using fluorescence resonance energy transfer (FRET). For this purpose both 
the probe and the target are labelled with a fluorophore. The spectra of both 
fluorophores, the donor and the acceptor, are overlapping. When the emission 
spectrum of the donor, e.g. Cy5, overlaps with the absorption spectrum of the 
acceptor, e.g. Cy5.5, and the donor and the acceptor are at a certain distance 
from each other, energy is transferred from the donor to the acceptor on excita- 
tion of the donor fluorophor. 

5 

Quality Control 

Variability in chip data can be caused by ir reproducible probe arraying, une- 
ven slides and inhomogeneous coating, sample processing, probe concentra- 
tion, hybridization conditions, insufficient post-hybridization washing, poor 
incorporation and amplification of fluorescent labels, and by the scanning proc- 
ess. Being aware of the fact that there are numerous sources of variance, we 
will focus mainly on variances caused by arraying, quality of support and layer, 
hybridization conditions, and fluorescent labels. 



5.1 

Autofluorescence 

The autofluorescence of the glass substrate at Aex = 532 nm and Xex =635 nm, the 
reproducibility of the coating procedure and the manufacturing process, and the 
fluorescence background caused by experimental conditions such as blocking 
and washing [76] are crucial for the accuracy of chip analysis. Fig. 5 compares 
the autofluorescence of various commercial slides at Xgx = 635 nm. As is obvi- 
ous, porous matrices such as nitrocellulose (FAST), Nylon, and poly( vinyl alco- 
hol) (ARChip Gel) cause the highest autofluorescence. 



5.2 

Arraying 

Uniform chip surfaces are essential for printing high quality arrays with 
improved sensitivity. Dust particles and scratches on the chip surface, bent or 
broken arrayer tips or contaminants in the probe can cause irregular spot mor- 
phology which in turn can strongly affect chip analysis. In order to control spot 
quality, some arrayers are equipped with a CCD camera which continuous- 
ly monitors and ensures the correct deposition of the probe on the chip. Due 
to the fact that laser light is scattered by DNA molecules, spots can also be vis- 
ualized and checked, when scanning the unprocessed slide after printing. In a 
controlled experiment, outlying and poor quality spots along with problemat- 
ic slides are filtered out. 
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Fig. 5. Autofluorescence of bare glass (Sigma), ARChips-Epoxy, -UV, and -Gel, Silane 
Prep (Sigma), GAPS (Corning), Aldehyde (Telechem), FAST (Schleicher 8c Schuell), Nylon 
(Amersham), ArrayLink hyphob (Genescan) and 3D-Link (Amersham Biosciences) at Xex = 
635 nm and 1000 V laser power 



5.3 

Print buffer 

The choice of print buffer can drastically affect the hybridization efficiency and 
spot morphology. As a matter of different surface chemistries the optimum print 
buffer has to be determined for each kind of chip. Fig. 6 shows a 3D-view of a 
spot of dTAlflb, a 16S rRNA sequence, printed in 3 x SSC, 0. 1 N phosphate buffer, 
and 50% DMSO onto a nitrocellulose slide, and hybridized with Rhizobium fred- 
di. The most homogeneous spots were obtained in 3 x SSC. Due to the destruc- 
tion of the nitrocellulose, donut-like spots were observed in 50% DMSO. 



5.4 

Immobilization 

The fact that spots of biomolecular probes are present on the chip does not nec- 
essarily mean that probe immobilization has been successful. The quality of 
probe immobilization can be tested, for example, by unspecific hybridization 
with fluorescently labelled DNA or by staining the array with nucleic acid bind- 
ing fluorescent indicators. Several nucleic acid stains matching the commonly 
used filter sets are available. 
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Fig. 6. 3D-view (Iconoclust™) of dTAlf lb-spots in a) 3 x SSC, b) 0.1 N phosphate buffer, 
and c) 50% DMSO 



5.5 

Fluorescent label 

In order to make available a highly fluorescent target leading to a strong hybrid- 
ization signal, an efficient and uniform incorporation and amplification of the 
fluorescent label is required. The most widely used fluorescent indicators in chip 
analysis are Cy3 (Xex = 332 nm) and Cy5 (Xex = 635 nm) (Amersham Bioscienc- 
es). Alternative fluorophores are the Alexa Fluor dyes, developed by Molecu- 
lar Probes, and a new series of bridged hemicyanine dyes developed by Dyo- 
mics. In [76] the extent of incorporation of Cy5 and Dy-630-NHS was compared 
by using 0.3, 0.5, and 1 pL of extracted Rhizobium fredii DNA as a template for 
the PCR reaction. As reported by the authors, Dy630 led to a higher yield of 
labelled DNA. Thus, beginning from the same amount of DNA, amplified DNA 
with a higher level of label incorporation and therefore higher fluorescence can 
be produced. As a result, less DNA is needed for chip analysis, which is of great 
importance, especially in medical diagnostics and cancer research, where probe 
material is very limited. 



5.6 

Validation 

Due to the fact that biochip technologies are a new, not yet standardized high 
throughput technique, it is important to validate the obtained results. To distin- 
guish between closely related sequences on expression arrays and encode pro- 
tein isoforms quantitative RT-PCR can be used. Using RT-PCR the presence of 
mutants can be confirmed and the level of DNA expression can be determined. 
Relative expression levels of a gene can be compared by Northern blotting. To 
confirm, whether the expressed RNA reflects the protein level achieved in the 
cells. Western blotting is the method of choice [24]. Fig. 7 shows the hybridiza- 
tion profiles of various 16S rRNA probes hybridized with a fluorescent target on 
a) ARChip Epoxy, b) ARChip UV, c) nitrocellulose, d) aldehyde, e) aminosilane, 
f) epoxy slides. Signal intensities were computed as mean fluorescence of three 
replicate spots minus background. On nitrocellulose and ARChip Epoxy slides 
weak signals were also obtained for less specific probes indicating an enhanced 
sensitivity on these materials. 
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Fig. 7. Hybridization profiles on various slides: a) ARChip Epoxy, b) ARChip UV, c) nitro- 
cellulose (FAST, Schleicher ScSchuell), d) aldehyde (Telechem), e) Silane prep (Sigma), f) 
3D-Link (Amersham Biosciences) 



6 

Data Collection and Analysis 

Biochips produce huge data sets. Analysis of these data is a quickly evolving 
field, and there is still no consensus on methods and algorithms [77]. Data col- 
lected from microarray experiments are random snapshots with errors, inher- 
ently noisy and incomplete. Extracting meaningful information from thousands 
of data points by means of bioinformatics and statistical analysis is sophisti- 
cated and calls for collaboration among researchers from different disciplines. 
A well thought-out experimental design is the first step toward successful data 
mining. An increasing number of image and data analysis tools, in part freely 
accessible in the web, is available. Some examples are found in Tables 1 and 2. 

6.1 

Imaging 

Microarray slides are imaged at one, two or more wavelengths with a fluores- 
cence microscope, a charge-coupled device (CCD) camera or a laser scanner. The 
detector (e.g. a photo-multiplier tube, PMT) converts the incident photons into 
electrical current. Tagged Image File Format (TIFF) images are produced of the 
fluorescence intensities of each pixel for each fluorescence channel, converting 
the electrons into a sequence of digital signals. Each spot consists of a number 
of pixels. The signal correlates with the area density of dye molecules. The level 
of PMT voltage has to be adjusted so as to maximize the dynamic range of the 
instrument, but without the brightest pixels reaching saturation, indicating that 
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Table 1 . Image analysis software 




Product 


Source 


Web address 


Tigr Spot- 
finder^ 


The Institute for Genomic 
Research 


www.tigr.org/software/ 


ScanAlyze"^ 


University of California 
Berkeley, Eisen Lab 


http://rana.IbI.gov/EisenSoftware.htm 


F-scan"^ 


National Institutes of Health, 
Bethesda 


http://abs.cit.nih.gov/fscan/ 


P-scan"^ 


National Institutes of Health, 
Bethesda 


http://abs.cit.nih.gov/pscan 


UCSF Spot* 
[100] 


UCSF, Jain Lab 


http://jainlab.ucsf edu/Downloads.html 


GenePix Pro 


Axon Instruments 


www.axon.com 


Iconoclust 


Clondiag Chip Technologies 


www.cIondiag.com 


ArrayPro 


Media Cybernetic 


www.mediacy.com 


Spot 


CSIRO Mathematical & 
Information Science 


www.cmis.csiro.au/iap/spot.htm 


QuantArray 


Packard Bioscience 


www.perkinelmer.com 


ArrayVision 


Imaging Research Inc. 


www.imagingresearch.com/products/ 

ARV.asp 


ImaGene 


BioDiscovery 


www.biodiscovery.com/imagene.asp 


Gene Traffic 


lobion Informatics 


www.iobion.com/products/products.html 



’^Freely available to academic researchers and non-profit institutions 



the photodetection device is being overloaded. In dual-color experiments the 
two pseudo-color images are merged for visualization purposes. 



6.2 

Image Analysis 

Image analysis is a crucial step on the way to meaningful data. There are a 
numerous software packages available using different algorithms for spot char- 
acterization, most of them providing basic data mining tools as well (Table 1). A 
high quality spot is characterized by a high signal-to-noise ratio, stable spot size 
and regular shape. Intensity variations within a spot and spot homogeneity can 
be checked with the standard deviation of the mean pixel intensities and visu- 
alized by 3D views showing the intensity values of each pixel (IconoClust^^). A 
regularly spaced mask (grid) is placed over the array and aligned with the fea- 
tures automatically or manually, though the latter method is prone to errors. In 
order to facilitate finding the position of the grid on the chip, guide dots may 
be added. The guide dots are located at a certain position and contain labelled 
material. The algorithms for spot image analysis include matched filtering, hier- 
archical methods and thresholding (e.g. TIGR_Spotfinder), seeded region grow- 
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Table 2. Data analysis software 




Product 


Source 


Web address 


Cyber T [92]^ 


University of California, Irvine 


http://visitor.ics.uci.edu/genex/cybert 


SNOMAD^ 


Pevsner Lab, Johns Hopkins 


http://pevsnerlab.kennedykrieger.org/ 


[78] 


University 


snomadinput.html 


GeneViz^ 


Contentsoft AG 


www.contentsoft.de/ 

index.htm?geneviz.htm 


MA-ANOVA* 

[88] 


The Jackson Laboratory 


www.jax.org/staff/churchill/labsite/ 

software/anova/index.html 


BASE’' 


Lund University 


http://base.thep.lu.se/ 


AMIADA’' 


Hong Kong University 


http://web.hku.hk/~xxia/software/ 

amiada.html 


DNA-Chip 

Analyser* 


Harvard University, Wong Lab 


www.dchip.org/ 


Genesis’' 


IBMT Graz University of 
Technology 


http://genome.tugraz.at/Software/ 

GenesisCenter.html 


Cleaver’' 


Stanford Biomedical 
Informatics 


http://classify.stanford.edu/ 


Data- 

Machine’' 


Dep. of Medicine, Boston 
University 


http://people.bu.edu/strehlow/ 


SOTA’' 


alma Bioinformatica 


www.almabioinfo.com/ 


CTWC’' [101] 


Weizmann Institute of Science 


http://ctwc.weizmann.ac.il/ 


PASTA’' 


University of Virginia 


ftp.virginia.edu/pub/fasta 


GeneSpring 


Silicon Genetics 


www.silicongenetics.com/cgi/SiG.cgi/ 

company/index.smf 


Spotfire 


Spotfire 


www.spotfire.com/products/comp.asp 


Acuity 


Axon Instruments 


www.axon.com/GN_Acuity.html 



’^Freely available to academic researchers and non-profit institutions 



ing [78], and other methods. These should be robust against outliers and meet 
the problems of overlapping spots, contamination, strong background and var- 
ying spot size. The software should check the image automatically with regard 
to its quality: flagging, that is the marking of spots deemed bad, is a critical step 
in establishing data reliability. Reasons for flagging may be saturated measure- 
ment, dust, scratches, donuts, heavy background, or spots that are not at the 
expected location. The software has to be able to associate a feature on the array 
with a probe identity, and possibly with its sequence in a database. 



6.3 

Background 

Estimating background intensities is necessary for the purpose of correct- 
ing non-specific hybridization. Reactive groups on the slide surface at sites 
where no probe is immobilized have to be blocked before hybridization. Other- 
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wise, labelled targets and impurities will bind with these regions and result in 
a strong background. The composition of the blocking buffer, which effective- 
ly reacts with residual binding sites, has to be optimized for the surface chem- 
istry used [79]. Autofluorescence of the support (nylon or glass) and of the lay- 
er has to be considered as well. Therefore, a quality control step is recommend- 
ed: a subset of slides from each production batch should be scanned prior to 
printing and improperly coated slides should be excluded. Low uniform back- 
ground is important for good signal-to-noise ratios. Several calculation meth- 
ods are implemented in image analysis software packages for estimating back- 
ground data. These are usually obtained from selected regions surrounding the 
spots, called local background, in contrast to a global background estimate for 
the entire array. Local background data may be biased positively by bright pix- 
els belonging to a neighboring spot. Alternatively, background can be estimated 
from signals emitted by foreign array elements included for this purpose [80]. 



6.4 

Quantification 

The analysis tool computes the arithmetic mean or the median of the pixel 
intensities for each spot in both color channels. Median intensities are less sus- 
ceptible to extreme values, whereas variability of the data can be estimated from 
mean intensities. Local sampling of background or spots from only buffer (neg- 
ative controls) can be used to establish a threshold which a true signal must 
exceed, e.g. two standard deviations above background. Raw intensities or back- 
ground-substracted intensities may be used for further analysis. Tran et al. [81] 
found that a threshold based on mean to median correlation of pixel intensities 
allows determination of more reliable signals. In dual-color microarray experi- 
ments, signal intensity ratios are calculated. Usually these ratios are log 2 trans- 
formed, since this operation facilitates comparisons of levels of expression. For 
instance, a log 2 ratio of +2 indicates a fourfold increase in expression, a log ratio 
of -2 corresponds to a four fold decrease. 

A large amount of probe DNA per spot is a first essential toward establishing 
a linear relationship between measured fluorescence and the concentration of 
the target. The amount of DNA material ranges from 50 ng for nylon macroar- 
rays to 1 ng or less for glass arrays [79]. The optimum probe concentration is a 
trade-off between optimal signal intensity and low availability of probes. Print- 
ing too highly concentrated probes causes comets and smeared spots. 

Kane et al. [82] report a reproducible minimum detection limit of ==10 mRNA 
copies/cell for both oligonucleotide and PCR probes: 50mer oligonucleotides 
and PCR probes, 322-393 bases in length with respect to sensitivity and spe- 
cificity. Sensitivity was defined as the ability to detect a 3-fold change in RNA. 
The probes were designed to detect a subset of procaryotic transcripts spiked to 
eucaryotic total RNA at increasing levels, from 1 compared to 3 copies per cell 
to 10 000 compared to 30 000 copies per cell. Oligonucleotides and PCR probes 
did not differ in sensitivity. Data from microarray experiments is evaluated by 
comparing results with those derived using standard techniques, e.g. Northern 
hybridization [83]. 
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6.5 

Normalization 

Several technical factors cause variance, disguising actual differences in signal 
intensities. Such sources of variation include measurement errors and print-tip 
effects. Control spots may be added to normalize print-tip effects caused by sys- 
tematic variation in pin geometry: pins may print different amounts of a probe. 
Furthermore, the amount of a probe bound to the surface is unknown. Probe, 
target and array preparation and processing have an impact on data reproduc- 
ibility. First of all, oligonucleotide arrays depend on the specificity of base pair- 
ing, thus hybridization conditions are critical [84]. High-quality hybridization 
should be reproducible and specific, leading to strong signals and minimum 
background. The efficiency of the hybridization reaction is affected by temper- 
ature, time, buffers and target concentration. Surface inhomogeneities may be 
a source of noise as well [85]. Optimizing factors involved in chip manufactur- 
ing, array design and hybridization, and elaborating reproducible protocols are 
important steps toward gaining more reliable data. 

To account for differences in labelling and for quantum yield of the fluores- 
cence labels, as well as for differences in the quantities of targets, normaliza- 
tion of the fluorescence intensities in each channel is necessary in dual color 
experiments [86]. Furthermore, normalization is needed for making compar- 
isons across arrays and experiments. Methods for normalization have to be 
adapted to experimental designs and issues. At least the majority of systematic 
and random fluctuation should be eliminated by the normalization procedure. 
Global normalization is widely used in gene expression experiments, although 
it turns out to be the weakest method. This strategy assumes that the total mass 
of RNA labelled with the two dyes is equal, and subsequently the average ratio 
of an array should be set to one, thereby introducing a normalization factor, or 
the median of the distribution of log ratios is set to zero [87]. Alternatively, a 
subset of genes with constant expression, so-called house-keeping genes, may 
be used for normalization. In toxicological studies this method is limited due to 
the lack of genes not somehow regulated by a toxic compound. When employing 
the spiked controls method, synthetic DNA sequences or DNA sequences from 
another organism are spotted on the array and included in the two different 
samples in equal amounts. Thus, they should have equal red and green inten- 
sities and can be used for normalization. Another approach uses a function of 
intensities of added controls in increasing concentrations for normalization. 

7 

Statistical Analysis 

Statistical analysis faces a number of problems, in particular, analysis of gene 
expression data is a big challenge. It must be born in mind that data gained 
from microarray experiments are estimates with a margin of error, in con- 
trast to precisely known quantities, and that errors in these estimates have to 
be assessed through replication [88]. Perusal of the literature shows that lev- 
els of replication are usually low due to limited availability of targets. The 
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number of replicate microarrays for each experiment should first be deter- 
mined by statistical methods. Reproducibility of replicated experiments can be 
estimated by correlation analysis and represented graphically by plotting two 
data sets against each other. Generally speaking, correlation coefficients in the 
range of 0.8 and above are considered to be fairly successful. Another approach 
for extracting more robust data involves replicate spots for each sample. We 
recommend printing spots in replicates of three. Increasing the number of rep- 
licates improves reproducibility only, when the highest and lowest signal inten- 
sities are discarded (Fig. 8). 

In statistical analysis, usually means or medians of the replicate spots and 
log-transformed signal intensity ratios are computed and normalized. Coeffi- 
cients of variation or standard deviations serve as measures of the uniformi- 
ty of individual pixel intensities. Standard errors of replicate experiments and 
spot morphologies allow spots worthy of further investigation to be filtered out. 
Normalized data may be filtered and grouped in order to reduce features before 
further analysis. So-called supervised methods use information (e.g. function- 
al classes of genes, type of tissue, treatments) gained from outside the microar- 
ray experiment, while unsupervised techniques do not require additional infor- 
mation and therefore are used for more exploratory tasks [89]. Supervised anal- 
ysis is employed for constructing classifiers which assign predefined classes to a 
given expression profile [90]. Statistically significant differences between treat- 
ments are frequently evaluated by means of t-statistics or analysis of variance 
(ANOVA). 

In basic analysis of differential gene expression the observed fold change 
in expression is deemed significant if it is above an arbitrary threshold. More 
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sophisticated approaches have recently been introduced. In a comparative study 
of the capability of means, t-statistics and an empirical Bayes method for reveal- 
ing differential expression, the latter procedure resulted in the lowest error rates 
[91]. Long et al. [92] describe statistical tests based on analysis of variance and a 
Bayesian prior, which are implemented in a web interface called Cyber-T. 

Clustering algorithms are a useful tool for identifying groups of related 
objects which may be genes as well as samples and combinations of both [89, 
93, 94]. Hierarchical clustering [95], a procedure based on self-organising maps 
(SOMs) for the discovery and prediction of cancer classes [96], K-means [97], 
where the desired number of clusters has to be chosen by the user, and growing 
self-organising trees [98] are frequently used. 

In another microarray design, namely high-density oligonucleotide arrays 
(GeneChip, Affimetrix), each perfect match (PM) probe is accompanied by a 
mismatched probe (MM) with a single base change right in the centre of the oli- 
gonucleotide as a control for non-specific hybridization. The array consists of 
subsets of 16-25 oligos for each gene; the intensities of these features have to be 
combined to make for a single value, e.g. by averaging the difference between 
PM and MM. For a stepwise description of statistical analysis of GeneChip data 
refer to [99]. 
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CHAPTERS 



Rapid, Multiplex Optical Biodetection 
for Point-of-Care Applications 

Frank Y. S. Chuang, Bill W. Colston, Jr. 



1 

Need for Advanced Biodetection 

Despite hopes that antibiotic and vaccine therapies might one day lead to the 
complete eradication of infectious disease [1], new and emergent pathogens 
continue to pose a global threat to public health [2]. Even in the present day, 
infectious disease remains among the top ten causes of death in the United 
States for all age groups [3]. In part due to increased virulence of recent strains, 
but also due to a growing cohort of individuals susceptible to severe infection, 
the U.S. mortality rate caused by influenza has risen to roughly 36,000 per year, 
exceeding the current rate of HIV/AIDS related deaths in the country [4, 5]. 
While the victories over bubonic plague {Yersinia pestis) y whooping cough (Bor- 
detella pertussis) y polio and smallpox (variola) are clearly significant, new dis- 
eases represented by human immunodeficiency virus (HIV), as well as the trag- 
ic reality of biological agents used as weapons of terrorism and mass destruc- 
tion [6] - offer sobering evidence that the battle against infectious disease is far 
from over [7]. 

More than ever, the task of effectively controlling communicable diseases 
ultimately rests on the ability to rapidly and accurately detect infection at the 
earliest stages. Rapid diagnostics are crucial for identifying outbreaks of infec- 
tious disease which could potentially escalate to a full-scale epidemic or global 
pandemic. Various surveillance programs and strategies have been proposed or 
are already in place to monitor influenza at state and national levels [8, 9]. At 
the lower (but no less critical) local level, hospitals are concerned with high- 
ly contagious and potentially lethal nosocomial infections which can emerge or 
enter the clinical setting. Antimicrobial resistance in tuberculosis and methi- 
cillin-resistant Staphylococcus aureus (MRSA) pose particular problems since 
effective vaccination and/or antibiotic treatments are either limited or nonex- 
istent [10]. Rapid identification to contain such diseases is essential for reduc- 
ing the clinical workload at metropolitan hospitals [ 1 1 ] . In the event of a sudden 
or unexpected epidemic, vaccines and antibiotics may be in short supply, and 
so timely assessment and triage of individuals suspected of infectious disease 
exposure is critical for appropriate allocation of valuable resources. 

Another rationale for rapid detection of infectious disease is based on the 
pharmacokinetics of new antimicrobial agents. For example, Tamiflu® (osel- 
tamivir) is shown to be effective in shortening the clinical course of influen- 




94 Frank Y. S. Chuang, Bill W. Colston, Jr. 



za, but only when administered within 48 hours of the onset of symptoms [12]. 
Since standard laboratory culture and analysis requires up to 10 days for defini- 
tive results, a primary-care physician obliged to treat an acutely ill patient must 
make an “educated guess” based on the clinical setting, the patient’s signs and 
reported symptoms. While most viral respiratory infections are generally self- 
limited, respiratory tract infections (RTI) which are bacterial in origin can be 
life-threatening without appropriate treatment [13, 14]. Nevertheless, in a recent 
survey conducted in the U.K., primary-care physicians lacking clinical serologic 
data were able to correctly rule-out bacterial RTIs only 60% of the time, and cor- 
rectly distinguish bacterial from viral RTIs only 50% of the time [15]. 

Apart from speed and accuracy, we propose that multiplex capability in a 
biodetection platform is a practical necessity for today’s diagnostic needs and 
applications. In the context of infectious disease detection, the list of causa- 
tive pathogens which must be considered for any given clinical presentation 
grows with the emergence of new microbial species or strains and the intro- 
duction of potential biothreat agents into the civilian population [16]. Failure 
to include such “orphan” pathogens in the differential diagnosis only poten- 
tiates the risk and devastating health impact associated with these new and 
unfamiliar diseases [17]. However, the cost in both time and resources of per- 
forming serial diagnostic tests using conventional laboratory methods would 
be prohibitive and used only as an option of last-resort. Modern molecular in- 
vitro diagnostic techniques (which we will describe in greater detail) can be 
scaled-down to work with extremely small sample quantities. Moreover, these 
assay methods can be reduced and configured into “microarrays” that allow 
hundreds to thousands of individual tests to be performed on a single biolog- 
ical sample. 

Finally, in the context of safeguarding the public health against the spread of 
infectious disease, we believe that a critical need exists for biodetection technol- 
ogy which can be scaled for portable or “point-of-care” applications. While rap- 
id, multiplex in-vitro diagnostic instruments are readily available, the majority 
of these commercial systems emphasize performance over portability - incor- 
porating delicate optics, electronics, and/or microfluidics, which ultimately rel- 
egates their use to clinical or research laboratories only [18]. A portable, albe- 
it simpler, diagnostic instrument could conceivably play a vital role in envi- 
ronmental testing or field medicine, in which access to laboratory facilities is 
restricted or impractical for transport of contagious or contaminated materials 
[19]. A simpler, more economical diagnostic system offers a practical solution 
for widespread screening of individuals in large populations, enabling a more 
rapid and direct response to the emergence of infectious disease. 

2 

Fundamental Principles of Biodetection 

The current “state of the art” in biodetection encompasses an impressive array 
of diagnostic instrumentation to identify and measure minute quantities of bio- 
logical material on the molecular scale [20]. In the context of infectious dis- 
ease, the target material can consist of the whole pathogen itself, or compo- 
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nents - such as protein, lipid or genetic material derived from the microor- 
ganism. Infectious disease can also be characterized by changes which occur 
in the affected individual, particularly when the host immune response is trig- 
gered. Changes in the serum concentration of certain host biomolecules, includ- 
ing cytokines and acute phase reactants, may reflect an active infectious dis- 
ease process and thus represent important markers for detection [21]. Most bio- 
detection devices currently use one of two basic molecular detection methods: 
nucleic acid hybridization and immunoassay. 

Nucleic acid hybridization utilizes the strong binding affinity between com- 
plementary strands of DNA or RNA to capture and detect specific genetic mate- 
rial in complex biological solutions. This method is frequently used in conjunc- 
tion with a laboratory procedure known as polymerase chain reaction (PCR, 
Fig. 1), to quickly replicate select genetic sequences which may be found in solu- 
tion. In principle, PCR amplification of genetic material greatly improves assay 
sensitivity, since even a single strand of DNA could be amplified in vitro to eas- 
ily detectable levels. 

It should be noted, however, that PCR does not indiscriminately amplify all 
DNA sequences in solution. Rather, PCR amplification occurs when “primers” 
containing short sequences of nucleic acid hybridize to longer strands of DNA 
in a test solution. These primers ultimately define the terminal endpoints of the 
DNA chain which is replicated by PCR. Therefore, the process of PCR amplifi- 
cation itself plays a role in selecting specific genetic material from complex bio- 
logical mixtures. 

The quality of a DNA assay using PCR and hybridization depends essential- 
ly on the specificity of the primer and probe sequences used in the assay. Genet- 
ic sequences which uniquely identify a particular pathogen become known 



Target DNA 



First PCR reaction 




Denaturition at 94° C 



Primar annealing at 50° ^ 55° C 




Po«ymerteatiofi«t72°C 




Denaturattonat94°C 



1 I 

Jtafww rTKUi.caTiM«s&s wn/serV'polynwmH hlul 
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Fig. 2. Molecular/functional structure of antibodies (http://www.unizh.ch/~pluckth/slide_ 
shows/Slides/Miniantibodies/index.htm) 



as “signature” or “fingerprint” sequences for that microorganism. Signature 
sequences do not share homology with other genes or sequences which might 
also appear in the test fluid. Moreover, PCR technology has been miniaturized to 
the handheld scale, enabling the development of new point-of-care DNA detec- 
tion instruments [18]. 

For the detection of non-genetic biomolecules, such as proteins, sugars and 
lipids, immunoassays are the method of choice. Antibodies (also known as 
immunoglobulins. Fig. 2) constitute a broad class of proteins whose natural 
function is to recognize and bind other biomolecules (antigens). 

Antibodies play a critical role in the host defense, in part by monitoring the 
blood circulation for the presence of foreign (and possibly harmful) material 
that enters the body. Antibodies are sensitive and specific for their target anti- 
gen and, upon binding, can recruit other components of the immune system to 
respond against the foreign agent. While the pool of naturally-occurring anti- 
bodies in circulation are randomly generated and carry different specificities, 
certain antibody “clones” will predominate, depending on the history of recent 
acute exposures to selected foreign antigens. These monoclonal antibodies can 
thus be harvested from the blood serum and subsequently utilized for laborato- 
ry-based in vitro detection of the target antigen. 

In general, DNA hybridization assays and immunoassays are complementa- 
ry techniques. But since antibodies can be raised against nearly any type of bio- 
molecule - including DNA - immunoassays have a broader range of application. 
(To be fair, DNA aptamers represent a novel application of synthetic oligonucle- 
otides whose tertiary structure enables sensitive and specific binding to other 
biomolecules.) By selecting antibodies which are specific for epitopes which are 
exposed on the pathogen surface, immunoassays can be directly performed on 
biological or clinical samples, without prior sample preparation. 
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3 

Development of Optical Methods for Biodetection 

Bacteria are considered to be the smallest living cells and range in size from 
0.1 to 10 |im. Traditionally these microorganisms are identified by direct visu- 
alization using light microscopy with Gram stain. The staining process reveals 
biochemical characteristics of the bacterial cell wall and facilitates the prop- 
er identification of bacterial species. In contrast to bacteria, viruses are much 
smaller (100 nm or less) and require enhanced techniques, such as electron 
microscopy or fluorescent labeling, for adequate visualization. 

Laboratory culture plays a key role in standard detection methods. By allow- 
ing the pathogen to multiply and replicate, one effectively amplifies the signal to 
be detected by bioassay. Furthermore, laboratory culture itself serves as a func- 
tional assay to determine pathogen viability. Viruses, for example, are too small 
to be visualized by light microscopy. However, when cultured on cell monolay- 
ers, live viruses will infect and lyse cells, creating voids or “plaques” which are 
readily (in)visible on the the culture dish. Despite its establishment as a ref- 
erence standard, laboratory culture and direct microscopic identification is 
a relatively costly procedure, both in time and resources. For this reason, the 
method is reserved for clinical cases in which more serious bacterial infections 
are suspected. For general or routine screening purposes a much less cumber- 
some diagnostic technique is necessary. 

Representing a first step towards this goal, direct fluorescent assay (DFA) kits 
utilize specific antibodies to label various pathogens on a microscope slide. Dif- 
ferent fluorophores covalently conjugated to different monoclonal antibodies 
enables several pathogens to be tested simultaneously, and the results interpret- 
ed by the color-coding determined by the fluorescent conjugation scheme. How- 
ever, these kits can only be used by trained laboratory technicians and are again 
impractical for high-throughput applications. 



3.1 

Sandwich Immunoassays - ELISA 

Immunoassays can be performed in various configurations; one of the most 
commonly used is called a sandwich immunoassay. The term is derived from 
the arrangement of stacked layers which form in the presence of the target anti- 
gen. The base layer is comprised of antibodies which are fixed onto a solid sub- 
strate. When this surface is exposed to a biological fluid specimen, the antibod- 
ies serve to capture target antigens which may be present in solution. After the 
treated surface is washed, the presence of bound antigen is demonstrated by 
incubation with detection antibodies which are labeled with either a fluores- 
cent dye or a chromogenic enzyme. The enzyme-linked immunosorbent assay 
(ELISA, Fig. 3) has become a laboratory reference standard for measuring dilute 
quantities of target antigen in solution [22]. 

Optimized ELISA tests utilize immunoassay antibodies to the fullest extent, 
measuring antigen concentrations in the picomolar range. The cost of devel- 
oping this level of sensitivity into an ELISA assay is a significant investment of 
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Fig. 3. Basic components of ELISA sandwich immunoassay 



time and effort. ELISA assays require extensive pre-calibration with laborato- 
ry standards, and generally take half a day for results. While this is clearly an 
improvement over standard laboratory culture and analysis, it is still too costly 
to be considered for routine screening. 



3.2 

Lateral Flow Assays - "Strip" Tests 

In order to gain speed in testing, ELISA sandwich immunoassays have been 
reduced to the form of lateral flow assays, commonly known as “strip” tests. 
Various immunoassays have been commercialized utilizing this format: for 
example, the i-STAT 1 handheld blood analyzer, the Quick Vue influenza test by 
Quidel Corporation Ltd. UK, and the ZstatFlu™ test by ZymeTx, Inc. Arguably 
the most successful commercial implementation of the lateral flow assay con- 
cept are “home pregnancy” tests, which use monoclonal antibodies to detect the 
presence of human chorionic gonadotropin (hCG) in urine. 

A particularly refined example of a lateral flow immunoassay is the chroma- 
tography-based handheld “smart ticket” device (Fig. 4) which is a key compo- 
nent of the Joint Biological Point Detection System (JBPDS) developed by the 
United States military (in collaboration with Canada and the United Kingdom) 
to detect biological warfare agents remotely. 

Each JBPDS smart ticket is designed to detect one selected type of bioagent. 
Blue latex particles are coated with detector antibody, in order to attract and 
bind any targeted bioagent that may be present in a liquid sample. To deter- 
mine whether any bioagent was actually found, the detection microparticles are 
allowed to flow across a nitrocellulose membrane strip. The strip is coated with 
two lines of capture antibodies: one directed also at the targeted bioagent (T) and 
one negative control (C) which is an antibody that directly binds to the detector 
antibody coated on the latex microparticle. The two lines of capture antibodies 
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Fig. 4. JBPDS smart ticket 



are initially colorless, but upon exposure to the suspended microparticles, will 
form either one blue line (negative result) or two (positive result), depending on 
the presence or absence of bioagent attached to the microparticles. 

In order to expand the scope of the smart ticket device to include multiplex 
analysis, multiple smart tickets must be employed. The JBPDS platform uses a 
mechanical carousel with automated fluidics to run up to 9 smart tickets simul- 
taneously. It should be noted that in such an arrangement, the biological sample 
must be divided into 9 fractions, which may adversely affect detection sensitivity. 

In general, the measurements reported by lateral flow assays are less quan- 
titative than laboratory-based ELISAs. However, for end-applications such as 
infectious disease screening, the device needs not so much to be precise as it 
should be accurate. The threshold for positive detection can be tuned to a val- 
ue which is clinically relevant for proper management of the infected individual. 
The goal of developing a biodetector which is more rapid, more convenient and 
less expensive to use is to promote widespread and more frequent screening of 
the population to safeguard public health, and to distinguish the “worried-well” 
individuals from those who truly need immediate medical attention. 



3.3 

Fixed Microarrays - DNA Gene Chip 

Advances in engineering technology have enabled new devices to operate on 
scales much smaller than previously thought possible [23]. As a result, both 
immunoassays and DNA-based tests can now be configured as microarrays, in 
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Fig. 5. ‘ ‘Gene chip” arrays for gene expression analysis (Affymetrix, Inc. http:// 
www.affymetrix.com/technology/ge_analysis/index.affx) 



which each array component is functionally equivalent to an ordinary strip test. 
The benefit of microarray technology for biomolecular detection is that detec- 
tion sensitivity can be retained despite assay multiplexing. 

One successful commercial application of the microarray concept is the DNA 
“gene chip” (Fig. 5) developed by Affymetrix Corp. [24, 25]. Fodor and colleagues 
first described a method of densely packing chemical probe compounds on a 
silicon substrate [26]. By combining solid phase chemical synthesis with photo- 
lithographic fabrication techniques, Affymetrix successfully assembled an array 
of 65,000 discrete nucleic acid probes into an area no larger than a few square 
centimeters. Each 50 pm x 50 pm microarray element was estimated to contain 
thousands of oligonucleotide probes. The DNA chip was designed for massive- 
ly-multiplex assay applications such as gene expression profile analysis. 

By incubating the gene chip with a complex biological solution such as a 
cell lysate, the fixed oligonucleotide probes are allowed to hybridize with seg- 
ments of DNA that are present in solution. In a manner similar to the sand- 
wich immunoassay, the surface of the gene chip is then washed, and subse- 
quently probed for the presence of hybridized DNA. The microarray is optical- 
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ly analyzed by raster scanning, and finally the data is decoded by comparing 
the measured signals to the array pattern in which the oligonucleotide probes 
were deposited. 

Because the individual array elements of the DNA chip are miniscule com- 
pared to the typical test strips of a lateral flow assay device, a sophisticated 
instrument is required to properly read the DNA microarray. The cost of pur- 
chasing such a system is more than offset by the savings in time and resourc- 
es, if the same assortment of DNA tests were to be performed separately using 
conventional laboratory methods. But since the instrument reader is quite large 
and contains delicate optics, it is not rugged for portable field applications. Fur- 
thermore, a single chip design taken from concept to product can cost as much 
as $400,000 USD, and cannot be modified without a complete redesign. Thus in 
applications such as bioforensics or proteomics - in which experimental proto- 
cols are constantly evolving with the influx of new information - the cost of con- 
tinually updating a DNA chip design could prove prohibitive. 

3.4 

Liquid Microarrays - Luminex Flow System 

It is important to realize that microarrays need not be fixed in 2 dimensions 
[27]. The argument can be made that, for certain fixed microarray designs, 
individual test elements may not have equal access to the biological fluid sam- 
ple [28]. In situations where the probe molecules compete for a common tar- 
get ligand, the detection would be biased towards the probe element which first 
encounters the sample solution. One method for addressing this issue is to “un- 
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fix” the microarray, allowing all probe elements to mix freely and equally with 
the biological fluid sample [29]. 

Luminex Corporation developed a multiplex bioassay system around this 
“liquid array” concept. Instead of designing assays to be performed on flat sur- 
faces, as in ELISA or the Affymetrix gene chip, Luminex developed a system 
platform based on 5-pm diameter polystyrene microspheres that are surface- 
modified to facilitate chemical coupling of either capture antibodies or oligo- 
nucleotide probes (Fig. 6). The functional nature of these particles is thus simi- 
lar to that of the labeled particles used by the JBPDS lateral flow assay. However, 
in contrast to the JBPDS method of analysis, the Luminex platform analyzes the 
microspheres using a customized flow cytometer (Fig. 7). 

Flow cytometers are commonly found in biomedical research laboratories, 
and are used to analyze particles (usually living cells) suspended in solution. 
The core mechanism of the flow cytometer is an optical system which inter- 
rogates particles that pass through a thin glass capillary tube. Using various 
forms of illumination (visible or UV laser, for example), the flow analyzer is able 
to count and measure parameters such as particle dimension, optical absorb- 
ance and fluorescence. The microfluidic subsystem of the flow analyzer uses an 
inert carrier solution to draw up the biological sample at a rate and in a man- 
ner which guides the suspended particles to pass through the capillary channel 
in single file. In normal function, the flow cytometer can analyze thousands of 
particles in a matter of minutes. 

In order to incorporate multiplexing capability into their diagnostic plat- 
form, Luminex introduced a method of optically encoding these latex micro- 
spheres, using discrete amounts of red and orange fluorescent dyes impregnat- 
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Fig. 7. Overview of microbead-based multiplex flow analysis 
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Fig. 8. LabMAP 100-plexbead map (Luminex Corporation, Austin TX) 



ed into the material of each microbead. Exactly 100 distinct microbead classes 
were thus formed, enabling up to 100 different bioassays to be performed simul- 
taneously on a single fluid sample (Fig. 8). 

The last component of the Luminex platform is the detection element. In 
a typical multiplex immunoassay, an assortment of bead classes are selected 
for derivatization with the necessary capture antibodies. These reactive beads 
are then allowed to mix and diffuse freely in solution with the biological sam- 
ple. After the microbeads are washed (either by centrifugation or filtration, fol- 
lowed by resuspension), they are subsequently treated with detector antibodies 
to indicate whether or not any target antigen is bound to the bead surface. The 
detector antibodies are linked to a common green fluorescent reporter mole- 
cule, phycoerythrin (PE). 

Ultimately the assay microbeads are analyzed by the Luminex flow cytometer. 
Using a red laser source to measure the red and orange fluorescence intensities, 
the customized flow analyzer correctly determines the classification (and thus 
the corresponding bioassay) of each passing microsphere. Immediately follow- 
ing classification, a green laser source interrogates the microsphere for its corre- 
sponding reporter fluorescence - a high measured value thus indicating a pos- 
itive assay result. 

Because each individual microbead constitutes an independent measure- 
ment by the Luminex instrument, the data generated by a routine multiplex 
assay involving tens of thousands of microbeads carries much greater statisti- 
cal significance, compared to other multiplex assays which may only perform 
measurements in duplicate or triplicate. 
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Table 1 . Summary of Biodetection Methods 



Method 


Time 


Multiplex 


Portable 


Comments 


Laboratory culture 


7-10 days 


no 


no 


laboratory reference 


Direct fluorescence 


1 hour/ 
assay 


serial or parallel 


no 


cannot automate 


ELISA 


<1 day 


no 


no 


laboratory reference 


Lateral flow assays 


1 hour 


serial or parallel 


yes 


least expensive 


Fixed microarray 


<1 day 


yes 


no 




Liquid array / 
flow analysis 


1-2 hours 


yes 


no 




MIDS 


1-2 hours 


yes 


yes 





Of the systems described thus far, the Luminex diagnostic platform incor- 
porates many key features which are well suited for advanced biodetection: test 
results can be obtained fairly quickly, individual assays are simple to develop 
and modular such that multiplex panels can be built up from any assortment of 
derivatized microbeads, and the liquid array makes optimal use of the biologi- 
cal sample at hand. 

Key features which the Luminex platform lacks are ruggedness and porta- 
bility. Understandably, the Luminex LXlOO was designed to be a sophisticated 
research tool of similar caliber to the Affymetrix system. However, the instru- 
ment's delicate microfluidics and optics, along with its operating power require- 
ments, constrain its use to a laboratory benchtop environment. 

4 

Multiplex Immunoassay Diagnostic System (MIDS) 

In response to the need for a rapid, portable, multiplex biodetection system in 
public health, clinical medicine and national security, we investigated the strat- 
egies developed to this point and concluded that a new system should leverage 
the strengths of the liquid array technology which were advanced by Luminex. 
Optically-encoded microbead-based immunoassays retain the advantages of 
speed, accuracy, cost, and multiplex-capability over other biodetection meth- 
ods. However, we propose that a CCD-based optical instrument which can ana- 
lyze the microbeads arranged in a 2-dimensional array is technically more rug- 
ged, scalable, and portable than a flow cytometer - and would thus be well suit- 
ed for point-of-care applications. The working name for this developmental 
platform is Multiplex Immunoassay Diagnostic System, or MIDS (Fig. 9). 

The MIDS platform consists of 3 major components which will be described 
in greater detail: (1) a disposable sample preprocessing unit, (2) CCD-based 
optical detection hardware, and (3) digital image analysis software. 
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Fig. 9. Overview of MIDS concept 



4.1 

Disposable Sample Collection Unit 

While sample collection and handling may at first seem peripheral to the dis- 
cussion of optical biosensors, we put forth the argument that the ease or diffi- 
culty of detection and measurement depends entirely on the quality of sample 
preparation. 

The disposable sample collection unit for MIDS is under active development; 
however, its basic roles and design have already been defined. The disposable 
unit performs two critical functions: (1) to receive a biological fluid specimen 
for immunoassay using the capture microbeads and secondary detection rea- 
gents; (2) to transfer the treated microbeads into a 2-dimensional array that will 
be analyzed by the optical reader. 

Since the basic design of the disposable module depends primarily on the 
method of sample collection and on the physical characteristics of the fluid 
sample (i.e. blood, saliva, urine, etc.), we selected two methods most common- 
ly used in hospitals for assessment of infectious disease: blood serum samples 
and nasopharyngeal (NP) swabs. Both types of fluid samples pose unique chal- 
lenges for preprocessing. 

Whole blood poses a unique problem for sample preparation, because the 
latex microspheres are similar in size to blood cells. Although filtration is a com- 
mon technique to efficiently remove the microbeads from solution, whole blood 
contains up to 40% red blood cells by volume, and would immediately occlude 
the filter membrane, interfering with microsphere recovery. To address this 
issue, a preliminary step to prefilter or otherwise remove intact cells from the 
blood sample would have to be included in the sample handling procedure. 
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Fig. 10. Prototype disposable sample collector for MIDS 



For nasopharyngeal swab samples, an extraction step is required to transfer 
the captured pathogens into the collection chamber. It is necessary to introduce 
an extraction buffer which contains a mucolytic agent to help liquefy the sam- 
ple and promote release of particulates trapped by swab material. We are also 
considering special swab designs which will greatly improve pathogen capture 
and release. Because our near-term goal is to demonstrate MIDS-based detec- 
tion of respiratory viruses in the hospital emergency room setting, we decided 
to focus development around NP swab collection, since this sampling method is 
more likely to detect early stages of upper respiratory tract infections, compared 
to blood serum samples. 

The initial prototype for a NP swab-collecting disposable unit (Fig. 10) is 
built around a simple filter-bottom well design. The well forms a receptacle for a 
nasopharyngeal swab, and has a working volume of approximately 1 cm^. Once 
the sample is introduced, the test microbeads are added and allowed to incubate 
for 20 minutes at ambient temperature. After incubation, the unbound antigen 
and remaining fluid sample are removed by filtration, either by applying nega- 
tive pressure with a small syringe pump, or by introducing an absorbent materi- 
al on the opposite surface of the Alter. The microbeads are drawn down onto the 
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surface of the filter bottom by bulk flow across the filter membrane. The detec- 
tion antibodies and reporter label are subsequently added to the resuspension 
medium, with intermediate wash steps, using the same filtration method. 

Reagent packaging, storage and delivery is another design component which 
we must consider for long term development of the disposable sample collector. 
Eventually we anticipate reagents to be supplied in dry, lyophilized form requir- 
ing rehydration prior to dispensing. In the near-term, we have developed multi- 
ple concepts for delivery of fluid reagents which require further evaluation and 
refinement. In general, the reagent packs must allow for isolated storage of mul- 
tiple solutions and subsequent dispensing at various time intervals and rates. 
One method employs a syringe pre-loaded with multiple reagents in series sep- 
arated by intermediate plugs. Computer control of the syringe pump would ena- 
ble the various solutions to be dispensed at preset intervals between incubations. 
A similar strategy has been developed using a carousel mechanism which holds 
individually- packaged reagent “blister packs” that are ruptured and dispensed 
as needed. Preliminary results with the carousel design have been encouraging, 
but we will continue to examine details of inter-compartmental contamination, 
complete expulsion of the bead reagents, consistency of flow versus pressure, 
and accuracy of delivering small microtiter volumes. We will also consider other 
methods of reagent storage and dispensing, with appropriate screening of com- 
mercially available solutions - with the eventual goal of completely automating 
reagent dispensing, by using a simple and inexpensive disposable reagent pack 
that requires minimal user interface 

The other primary role of the disposable sample handling unit is to trans- 
fer to assay microbeads from suspension into a planar array for imaging and 
analysis by the optical detector. We had previously evaluated several methods to 
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Fig. 11. Random vs. ordered 2-dimensional arrays 
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deposit suspended microbeads onto flat surfaces (Fig. 11). Initial investigations 
demonstrated partial success in immobilizing beads onto glass surfaces; how- 
ever, neither surface tension nor chemical adhesion (for example, long-chain 
biotinylation of silanated glass slides with streptavidin-coated beads) permitted 
the microbeads to withstand vigorous washing. We also investigated photore- 
sist surface technology, spinning a 5-10 pm layer of photoresist material onto 
glass slides and etching microscopic (10 pm diameter) wells in an ordered array 
across the photoresist. We found that the microbeads placed in suspension over 
this surface precipitated out of solution and into the wells. The resulting array 
was well-ordered and stable throughout moderate washing. Several disadvan- 
tages were that bead sedimentation was essentially a passive process and not 
well characterized. Also, the production of the microwells by photolithography 
was labor-intensive and would ultimately raise the cost of the disposable com- 
ponent of MIDS 

We found a promising solution with a new filter technology by Whatman Inc., 
called Anopore™. Unlike conventional paper filters, Anopore is made of a semi- 
crystalline aluminum oxide, which under electron microscopy appears almost 




Fig. 12. Generating a 2-D microbead array by direct filtration on a flat surface 
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as a honeycomb structure with densely packed pores averaging 0.2 pm in diam- 
eter (compared to the 5.5 pm diameter microspheres). Furthermore, the Ano- 
pore™ material is milled flat to exacting tolerance and is optically transpar- 
ent when wet. This made for an intriguing combination of features that seemed 
perfectly suited for the MIDS disposable device. Not only could the Anopore™ 
medium provide high flow rate filtration to retain the encoded microbeads dur- 
ing the immunoassay procedure, but it could form the substrate that would 
allow the derivatized beads to be imaged directly on the flat surface of the filter. 

In practice, the new filter works well in the disposable sample chamber for 
mixing and exchanging suspension buffers during the immunoassay procedure. 
However, the deposition of the treated microbeads into a 2-dimensional array 
proved to be a more complex task. While our goal was to deposit the beads in 
a random but uniformly distributed monolayer on the Anopore™ surface, we 
found that the assay microbeads (which in the final state are coated with anti- 
body protein, captured pathogens and reporter label) tended to form aggre- 
gates in aqueous solution. While beads which form the first layer on top of the 
filter surface are acceptable for image analysis, extra beads which stack on top 
of the first monolayer can disrupt bead classification and analysis by contrib- 
uting additional fluorescence signals from their vicinity. This issue has been 
addressed first by adjusting the bead concentration per immunoassay, such 
that the total number in a given sample well is less than that required to form 
a complete monolayer covering the filter surface. Since the suspended latex 
microbeads will follow the bulk flow of solution in the reaction chamber, we 
have taken into consideration possible methods of controlling the quality of liq- 
uid flow across the filter membrane to promote more even distribution of the 
microbeads on the Anopore™ material (Fig. 12). 



4.2 

CCD-based Optical Hardware 

We selected image-based cytometry as a basis for the MIDS detection instru- 
ment, because the hardware supporting charge coupled device camera (CCD) 
technology is more amenable to building small scale or portable instruments 
(Fig. 13). It is worth noting that the tremendous sensitivity of the photomulti- 
plier tube used for reporter detection in flow cytometers can be matched by the 
relatively insensitive CCD due to the fact that CCD-based measurements can 
integrate fluorescence signals for many seconds, while beads in a flow system 
are illuminated for less than a millisecond. 

For a given number of excitation sources, the degree of multiplexing for 
MIDS is inherently less than that of the Luminex system. There are two prima- 
ry reasons for this. First, the dynamic range of the CCD is less than that of the 
avalanche photodiodes or photomultiplier tubes that are used in flow systems. 
Secondly, the distribution of fluorescence intensity for any particular (Luminex) 
bead class is more disperse with the imaging system because of inherent spa- 
tial variations in the excitation level over the much larger field of illumination. 
(A flow system concentrates the excitation in a 50-pm spot, whereas the imaging 
system illuminates a field measuring a millimeter or two.) In its current form. 




110 Frank Y. S. Chuang, Bill W. Colston, Jr. 



633nmlaser 



I ^ I Bead plane 
cfj^ 3x lens magn 
I 532nm laser 



i 

CD 



I 



<r> 



2x lens mag 






dichmic and 

emission filters Inflltersllder 



CCD Camera 



Fig. 13 . Schematic of MIDS optical detection system 



the benchtop prototype instrument is capable of performing the equivalent of 
a Luminex 6-plex assay. We are confident that the MIDS system will be able to 
accommodate an 8-plex assay in a basic package. By upgrading the lasers, beam 
conditioning, and the CCD, we estimate that up to a 32-plex will be possible. In 
either case, the MIDS is well suited for point of care applications which we antic- 
ipate to require 10-20 assays/panel. 

The optical system consists of the following components: an illumination 
source, detection electronics, analysis package, and user interface. The simplest 
types of light sources include light emitting diodes (LEDs), lasers, laser diodes, 
and filament lamps. These sources can be used in conjunction with optical filters, 
diffraction gratings, prisms, and other optical components to provide a specified 
spectral component of light. Alternative forms of radiation such as biolumines- 
cence, phosphorescence, and others could also potentially be employed. Although 
typical fluorophores require excitation wavelengths in the visible portion of the 
spectrum (300-700 nm wavelength), other wavelengths in the infrared and ultra- 
violet portion of the spectrum could also prove useful for illuminating the dipstick 
microbead array. The transmitted, reflected, or re-emitted light from the trapped 
microbeads must then be propagated to an optical apparatus for detection, using 
photosensitive detectors such as photodiodes or photomultiplier tubes, in combi- 
nation with some type of spectral and/or spatial filtering. Spatial filtering of the 
light is possible either by transverse scanning of the dipstick microbead array or 
with two-dimensional detectors such as CCD and video cameras. 
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Fig. 14. Red, orange, and green component fluorescent images of random bead array (pseu- 
docolor representation) 



The criteria for evaluating system performance can be subdivided under the 
orthogonal functions of classification and reporting. The key variables deter- 
mining system performance relate to image quality, image processing and assay 
analysis. System specifications are addressed concurrently by considering issues 
such as size, weight, cost and complexity. Lasers require power supplies and con- 
trollers, as do shutters and motorized stages. Furthermore, CCDs need need 
supporting mechanisms for cooling and control as well. 

The optical system uses a form of Kohler illumination, by which a fluores- 
cent sample is simultaneously illuminated from the front by a collimated laser 
source and imaged from the front to a CCD camera. This is done for a series of 
three timed exposures using a combination of dichroic beam splitters and opti- 
cal bandpass filters to generate a “red-orange” image pair for bead classification 
and a “green” image for reporting the level of attached reporter label (Fig. 14). 
These images are subsequently processed and analyzed to identify bead classes 
and the presence of phycoerythrin reporter dye in the original sample. 

A three-color component fluorescence image set must be taken for each 
microbead array to be analyzed. Ideally, in addition to being in focus, they 
would contain thousands of beads, with hundreds of CCD pixels devoted to each 
bead. While “megapixel” CCDs exist with necessary pixel resolution to accom- 
plish this, such devices are both relatively large and expensive. Furthermore, the 
system would require a relatively high (40 x) magnification, which would place 
greater demands on the quality of optics, beam uniformity across the image 
field and would reduce the depth of focus. A larger field of view also means that 
the available laser power is divided over a larger area, which requires longer 
integration times or more expensive lasers. 

One of the most significant differences between Luminex's flow-based sys- 
tem and the MIDS’ image-based method is the number of microspheres which 
can be analyzed per assay, which plays a large role in determining the instru- 
ment’s precision. On the MIDS system the factor limiting the number of beads 
per image is the density of isolated beads that can be produced on a sample 
before it is even inserted into the optical system. The random arrays generated 
by bead filtration are likely to have relatively large unoccupied regions as well as 
those in which beads are stacked and difficult to reliably analyze. We previous- 
ly described our approach to these challenges. Clearly, an ordered array is far 
superior for image analysis but is difficult to achieve and to fabricate when the 
design calls for a simple, disposable platform. 
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Given the constraints placed on hardware design, we must investigate other 
methods to compensate for the number of data points which may be collected 
in one assay. One option is to take several image triplets (red, orange and green) 
of the same sample, measuring multiple regions to collect more data points for 
analysis. The key drawbacks to implementing this solution are that an extra 
motor drive would be required as well as extra time for re-iterative image acqui- 
sition and analysis. We anticipate that the time required to collect one triplet set 
of images will be approximately one minute. 

4.3 

Digital Image Analysis Software 

Currently the software for MIDS is divided into three components. LabView™ 
(National Instruments) controls the operation of the benchtop instrumentation, 
including CCD camera, shutter controls and filter wheel. As previously described, 
assay microbeads were deposited on Anopore™ filters and the resultant arrays 
viewed under the fluorescent imaging setup. Using the appropriate filter sets to 
extract the necessary red, orange and green fluorescence from the bead array, dig- 
ital images were captured to computer with a Pixel CCD camera. Intensity meas- 
urements were made on the acquired images using subroutines written in IP- 
Lab™ (Scanalytics, Inc.) software. Fluorescent microbeads are identified by means 
of a “smart search” algorithm which sequentially raster scans each color image 
component. Microbead targets are identified by virtue of size, shape, and expected 
fluorescence intensity profile when imaged by the MIDS system. The red, orange 
and green images are placed into registration so that fluorescent microbeads may 
be sorted and their corresponding classification and reporter values saved to a 
data file. When displayed on a scatter plot of red vs. orange fluorescence intensity, 
the bead mixture can be sorted into distinct clusters of data points - resembling 
those of the pre-calibrated bead maps displayed using Luminex Data Collector 
software. The task of bead classification is performed by IgorPro (WaveMetrics, 
Inc.), which compares incoming data to a pre-calibrated bead map and decodes 
the classification of each identified bead. IgorPro also performs statistical analy- 
sis of the reporter fluorescence intensity for each bead class, ultimately reporting 
which classes (and hence assays) were “positive” by multiplex immunoassay. 

We plan eventually to port the entire image acquisition and analysis to the 
LabView™ software platform, taking advantage of new functional capabilities 
added with the IMAQ Vision™ imaging toolset for LabView™. 



4.4 

Preliminary Results 

We have successfully characterized the MIDS prototype using six fluorescent- 
encoded bead classes from Luminex. The six classes were derivatized with var- 
ious capture antibodies and control reagents to simulate a general biological 
sensor which could detect 3 types of pathogenic material: bacterial spores (of 
Bacillus globigii), virus (MS2 bacteriophage), and protein (ovalbumin). The 
bead classes were derivatized according to the following scheme: 
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Bead class 


surface conjugate 


function 


C200 


Bovine serum albumin (BSA) 


negative control 


C198 


r-phycoerythrin 


positive detector control 


C194 


anti-MS2 


viral probe 


C170 


dinti-Bacillus globigii 


bacterial probe 


C168 


anti-ovalbumin 


protein probe 


C164 


anti-human IgA 


positive sample control 



In addition to the three experimental bead sets which probe for target patho- 
gen, one bead class was coupled to BSA as a negative control to demonstrate non- 
specific binding which might occur. C198-phycoerythrin would serve as a positive 
control and calibration standard for the MIDS detector. Finally, to confirm wheth- 
er a biological sample was indeed placed into MIDS, a bead set was added to test 
for human IgA - a ubiquitous protein which is secreted by the nasal mucosa. 

The simulant panel was tested in the laboratory, using calibrated solutions 
containing various concentrations of antigen. Briefly, aliquots of the 6-plex bead 
panel were incubated with variable dilutions of stock antigen (Bg or MS2, for 
example) in 96-well filter bottom plates for 30 minutes at room temperature 
on an orbital microplate shaker. After antigen was allowed to bind the capture 
microbeads, the wells were washed with phosphate-buffered saline, filtered, and 
then resuspended for 30 minutes in a solution containing the detector antibody 
cocktail. These detector antibodies are identical to the ones covalently bond- 
ed to the surface of the capture microspheres, but are instead biotinylated - so 
that they will attach to the final reporter label, which is phycoerythrin-coupled 
to streptavidin (Sa-PE). 

The assay beads were washed and transferred to round-bottom 96-well plates 
for measurement on a Luminex LX 100 flow cytometer. Analysis of the various 
bead samples showed that the reporter fluorescence intensity associated with 
bead classes Cl 94 and Cl 70 increased in proportion to the concentrations of 
MS2 and Bg, respectively. Positive and negative control beads showed consist- 
ent behavior - and because the samples were prepared from laboratory stand- 
ards, no human IgA was present in solution, so that Cl 64 showed little reporter 
fluorescence. The graph in Fig. 15 depicts the 6-plex microbead response to high 
concentrations (~10^ pfu/ml) of MS2 bacteriophage in solution. 

After the Luminex flow analysis, the same bead samples were individual- 
ly recovered, and then processed into 2-dimensional arrays by Anopore™ fil- 
tration, using the prototype disposable sample collectors. While remaining 
attached to the filter bottom, the random bead arrays were placed in the MIDS 
optical detector, and fluorescent red, orange, and green image triplets were 
acquired. The sample chamber was rotated manually several times in the holder, 
so that several fields could be analyzed for each microbead sample. 

The composite data in Fig. 16 shows the equivalent MIDS results for the same 
Luminex bead assay depicted in Fig. 15. The distribution of red and orange clas- 
sification intensities for the microbeads detected on the MIDS platform is similar 
to that determined on the Luminex flow cytometer. Also similar in fashion to the 
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Fig. 15. Specific, concentration-dependent response of 6-plex bead assay to simulants. 
Luminex flow analysis 



Luminex bead maps, polygonal regions are drawn to identify and distinguish the 
6 bead classes. On the chart showing the distribution of reporter intensities ver- 
sus bead class, Cl 94 (anti-MS2) shows increased median reporter fluorescence 
as expected - while Cl 98 (rPE) shows an intermediate level of reporter fluores- 
cence. It should be noted that the multiplex bead set reveals inherently large var- 
iability in the reporter fluorescence intensity for any given measurement. How- 
ever, the median reporter fluorescence intensity (MFI) has been shown to be a 
suitable population statistic that is significant for measuring antigen concentra- 
tion. An arbitrary threshold level of 100 counts was set in this particular instance 
to demonstrate a possible method of automating MIDS detection. We expect that 
separate thresholds will have to be determined, based on the binding character- 
istics of each capture antibody used in the multiplex assay. 

Since we designed MIDS to be used in point-of-care diagnostic applications, we 
have developed a “real” multiplex microbead panel to assess respiratory viruses 
that may be contained in nasopharygeal swab samples. The panel is based on the 
commercially available Bartels direct fluorescence assay (DFA) kit, and includes 
specificity against 7 common viruses: Influenza types A and B, Parainfluenza 
types 1, 2, and 3, adenovirus, and respiratory syncytial virus (RSV) [30]. Since the 
DFA kit is fully manual and requires sequential testing for all 7 targets, the devel- 
opment of a multiplex-capable bead panel to be used in conjunction with either 
MIDS or Luminex would itself be considered an advancement in diagnostic tech- 
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Fig. 16. Simulant 6-plex results by MIDS assay 



Table 2. Respiratory virus panel. 



Target Antigen 


Monoclonal Antibody 


Bead Class 


Influenza A 


A1 (Chemicon)’^ 


151 




A3 (Chemicon)^ 


158 




cl 02 (Adv ImmunoChem) 


133 


Influenza B 


B2 (Chemicon)^ 


153 




22D5 (Chemicon)^ 


156 




4H7 (Adv ImmunoChem 


129 


RSV 


133/lH (Chemicon)"^ 


150 




131/2G (Chemicon)"^ 


155 




130/12H (Chemicon)^ 


147 




8C5 (Adv ImmunoChem) 


142 




9C5 (Adv ImmunoChem) 


139 




8B10 (Adv ImmunoChem) 


140 



nology. Together with positive and negative control bead sets, the respiratory pan- 
el would constitute a minimum 10-plex assay. However, in practice, respiratory 
viruses such as influenza have multiple strains which may have different specifici- 
ties and binding affinities with different monoclonal antibodies. As a result, it may 
be difficult (if not altogether unreasonable) to expect just one monoclonal anti- 
body to efficiently bind all strains of a chosen viral species. For this reason, 12 dif- 
ferent monoclonal antibodies already have been selected for use in detecting only 
three (Flu A, Flu B, and RSV) of the seven targeted species. 
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Fig. 18. Multiplex assay results by flow analysis. Representative titration curves show spe- 
cific response by microbeads coated with anti-Flu A antibodies 
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Bead class 154 was directly coupled with R-phycoerythrin for use as a pos- 
itive fluorescent control for the flow cytometer, while bead class 159 was coat- 
ed with serum albumin (BSA) as a negative control bead to test non-specific 
reporter binding. 

The charts shown below (Fig. 19) demonstrate bead capture efficiency as a 
function of antibody density on the microbead surface. The density is inferred 
by the concentration of capture antibody used when first derivatizing carbox- 
ylated Luminex microbeads. For each monoclonal antibody, 3 bead sets were 
derivatized with one of 3 antibody concentrations: high (1 mg/mL), medium 
(0.5 mg/mL) and low (0.1 mg/mL). Although the data suggests that antigen cap- 
ture and binding efficiency are nearly saturated at even the lower antibody con- 
centrations, we take advantage of the opportunity to demonstrate specificity 
and uniformity of response of each bead class for its respective target antigen. 



4.5 

Discussion 

In summary, we have developed a benchtop optical system using conventional 
hardware currently available in our lab to demonstrate fluorescent imaging of 
two-dimensional microbead arrays. This setup is adequate to demonstrate fea- 
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Fig. 19. Comparison of viral detection efficiency vs. capture antibody density 
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sibility, but components chosen specifically for this application will yield signif- 
icantly better results and enable miniaturization of the entire system. 

We have focused development efforts in three primary areas: sample prepa- 
ration and bead arrays, optical imaging, and application development. We have 
successfully demonstrated bead deposition in an ordered array onto photore- 
sist-coated glass substrates with binding efficiencies of >80%. We have also suc- 
cessfully captured beads in random planar arrays onto specialized filter sub- 
strates. Imaging bead arrays with a CCD camera, we have demonstrated fluo- 
rescence intensity based discrimination of up to 6 different bead classes. We are 
currently extending this bead decoding algorithm to allow simultaneous identi- 
fication of up to 20 pathogens within a single test. Finally, we have been explor- 
ing suitable applications for MIDS such as infectious disease detection, can- 
cer screening, and other biomarkers, with the intention of fully leveraging this 
unique technology. 

Our preliminary studies strongly suggest that a rapid portable MIDS plat- 
form is a viable approach for point-of-care diagnostic applications. For a given 
microbead assay, the results achieved thus far with MIDS successfully approxi- 
mate, if not match, the results obtained by conventional benchtop analysis with 
the Luminex flow cytometer. As the Luminex diagnostic system gains broad- 
er acceptance in clinical laboratories and is validated against other reference 
standards, we believe that the MIDS device concept will also gain acceptance. It 
should be emphasized that the objective of developing the MIDS platform is not 
to supplant the Luminex flow cytometric system - rather, MIDS will perform a 
critical role in point-of-care diagnostics and field medicine, where the Luminex 
flow analyzer cannot readily function. As an initial screening tool, MIDS must 
be able to detect the presence or absence of microbial pathogens in a clinical 
sample. More importantly, it must be able to correctly rule-out cases that do not 
require further work-up. For such an application, we are confident that the tech- 
nology in MIDS will provide satisfactory results. 

5 

Conclusions and Future Directions 

Not only for infectious disease applications, but for broader clinical diagnos- 
tic and biomedical research applications - multiplex biodetection using micro- 
array technology will continue to evolve and advance. Currently the Luminex 
microsphere-based diagnostic system is the most mature technology applica- 
ble to the liquid array format. However, the method of optically-encoding beads 
by discretizing fluorescence intensity is better suited for analysis by flow-based 
(rather than image-based) cytometry, because of the greater inherent variabil- 
ity in accurately measuring fluorescence intensity across a 2-dimensional field. 
Flow cytometers bypass this issue by analyzing arrays which may be consid- 
ered zero-dimensional, since the relative orientation of microbead and detec- 
tor is fixed in space. 

We will investigate alternative methods of designing multiplex-capable opti- 
cal probes. Some alternative bead-based technologies include varying bead size 
or bead material (i.e., polystyrene, silica, etc.), and incorporating ferromagnetic 
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particles into the bead material to enable new methods of manipulating beads 
in a microarray. We will also follow developments of Quantum Dot technolo- 
gy (spectral coding) and NanoBarCodes (pattern coding) and other multiplex 
methods for appropriate insertion into the MIDS platform should they prove to 
have significant advantages. We are, however, encouraged that the rationale for 
the basic components of the MIDS concept remains essentially valid for all types 
of multiplex optical probes. That is, regardless of the particle-labeling technol- 
ogy, samples need to be introduced to the instrument, mixed with particles and 
other reagents, and optically measured. We believe that this new paradigm will 
play a critical role in guiding the future development of optical biosensors . 
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1 

Introduction 

There is an urgent need to develop monitoring devices capable of screening 
multiple medical diseases and detecting multiple infectious pathogens simulta- 
neously. A critical factor in biomedical diagnostics involves selectivity and sen- 
sitivity for detection of a wide variety of biochemical substances (e.g., proteins, 
metabolites, nucleic acids), biological species or living systems (bacteria, virus 
or related components) at trace levels in complex biological samples (e.g., tis- 
sues, blood, other body fluids, and environmental biosamples). Biosensors are 
diagnostic devices that employ the powerful molecular recognition capability 
of bioreceptors such as antibodies, DNA, enzymes and cellular components of 
living systems. The operating principle of a biosensor involves detection of this 
molecular recognition and transforming it into another type of signal using a 
transducer that may produce either an optical signal (i.e., optical biosensors) 
or an electrochemical signal (i.e., electrochemical biosensors). A biosensor that 
involves the use of a microchip system for detection is often referred to as a bio- 
chip. 

In general biosensors and biochips employ only one type of bioreceptor as 
probes, i.e., either nucleic acid or antibody probes [1-loj. Biochips with DNA 
probes are often called gene chips, and biochips with antibody probes are often 
called protein chips. We have previously developed an integrated DNA biochip 
that combines nucleic acid probes and a detection system into a self-contained 
microdevice [11-16]. This manuscript describes a unique biochip system that 
uses multiple bioreceptors with different functionalities on the same biochip, 
allowing simultaneous detection of several types of biotargets on a single plat- 
form. This device is referred to as the multi-functional biochip (MFB). 

2 

The Multi-functional Biochip 

Two fundamental operating principles of a biosensor are: (1) “biological rec- 
ognition” (bioreceptor) and (2) “sensing” (transducer). The basic principle of a 
biosensor is to detect this molecular recognition and to transform it into anoth- 
er type of signal using a transducer. There are different types of transducers, 
which may produce either an optical signal (i.e., optical biosensors) or an elec- 
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trochemical signal (i.e., electrochemical biosensors), or a mass-based signal 
(e.g., microbalances, surface-acoustic wave devices, microcantilevers). There 
are also different types of bioreceptors, which may consist of an enzyme, an 
antibody, a nucleic acid fragment, a chemoreceptor, a tissue, an organelle or 
a microorganism. Sometimes a synthetic molecule, often called biomimetic 
receptor (e.g., synthetic antibody, molecular imprint) can be used to mimic the 
properties of biological receptors. 

The MFB is an integrated multi-array biochip, which is designed by com- 
bining integrated circuit elements, an electro-optics excitation/detection sys- 
tem, and bioreceptor probes into a self-contained and integrated microdevice. 
Fig. 1 depicts a schematic diagram of the MFB device, which includes the fol- 
lowing elements: 1) an excitation light source, 2) multiple bioprobes having dif- 
ferent types of bioreceptors, 3) a sampling platform, 4) sensing elements, and 
5) a signal amplification and treatment system. The development of the mul- 
tichannel sampling platform involves immobilization of bioprobes on multi- 
array (4x4orl0xl0 channels for current biochips) substrates, which can 



Diffractive Optic/ 




Fig.1. Schematic diagram of the Multi-Functional Biochip (MFB) optical system. 

The MFB includes the following elements: 1) an excitation light source, 2) multiple bio- 
probes having different types of bioreceptors, 3) a sampling platform, 4) sensing ele- 
ments, and 5) a signal amplification and treatment system. The biochip has a heterogenous 
functional diagnostic capability due to the different types of bioprobes: antibody, DNA, 
enzymes, tissues, organelles, and other receptor probes. The biochip in this work uses DNA 
and antibody probes. 

(Source: Stokes DL, Griffin GD, Vo-Dinh T (2001) Fresenius’ J Anal Chem 369:295) 
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be performed on a transducer detection surface to ensure optimal contact and 
maximum detection. When immobilized onto a substrate, the bioprobes are sta- 
bilized and, therefore, can be reused repetitively. Labeled and unlabeled DNA 
probes were prepared in our laboratory when needed, or were purchased from a 
commercial source (Oligos Etc., Wilsonville, Oregon). The desired strands of oli- 
gonucleotides were synthesized and labeled with fluorescent dyes (e.g., fluores- 
cein and Cy5 dyes) (further details are described later in the Methods Section). 
Several methods have been investigated to bind bioprobes to different supports. 
The method commonly used for binding bioprobes to glass involves silaniza- 
tion of the glass surface followed by activation with carbodiimide or glutaralde- 
hyde. Immobilization of the bioreceptor probes onto a substrate or membrane 
and subsequently attaching the membrane to the transducer detection surface 
is another approach that can be used. Experimental details of probe preparation 
procedures have been described previously [6, 12]. 



2.1 

Integrated Circuit Development of the Biochip 

The integrated electro-optic microchip system developed for this work involved 
integrated electrooptic sensing photodetectors for the biosensor microchips. 
Such an integrated microchip system with on-board integrated circuit (IC) elec- 
tronics is not currently available commercially. Therefore, IC electrooptic sys- 
tems for the microchip detection elements were designed at Oak Ridge National 
Laboratory. Highly integrated biosensors are made possible partly through the 
capability of fabricating multiple optical sensing elements and microelectron- 
ics on a single IC [11, 12]. Such an integrated microchip system is not current- 
ly available commercially. 

To develop a biochip system with optimized performance, several biochip IC 
systems based on photodiode circuitry were designed, fabricated and evaluat- 
ed, one system having 16 channels (4x4 array), and another having 64 chan- 
nels (8x8 array) having four types of electronic circuits on a single platform. 
The biochips include a large-area, n-well integrated amplifier-photodiode array 
that has been designed as a single, custom IC, fabricated for the biochip. This IC 
device is coupled to the multiarray sampling platform and is designed for moni- 
toring very low light levels. The individual photodiodes have 900- pm square size 
and are arrayed on a 1-mm spacing grid. The photodiodes and the accompany- 
ing electronic circuitry were fabricated using a standard 1.2-micron n-well com- 
plementary metal-oxide semiconductor (CMOS) process. The use of this type of 
standard process allows the production of photodiodes and phototransistors as 
well as other types of analog and digital circuitry in a single IC chip. This feature 
is the main advantage of the CMOS technology in comparison to other detec- 
tor technologies such as charge-coupled devices or charge-injection devices. 
The photodiodes are produced using the n-well structure that is generally used 
to make resistors or as the body material for transistors. Since the anode of the 
diode is the p-type substrate material, which is common to every circuit on the 
IC chip, only the cathode is available for monitoring the photocurrent and the 
photodiode is constrained to operate with a reverse bias. 
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An analog multiplexer was designed that allows any of the elements in the 
array to be connected to an amplifier. In the final device, each photodiode could 
be supplied with its own amplifier. The multiplexer is made from 16 cells for the 
4x4 array device. Each cell has a CMOS switch controlled by the output of the 
address decoder cell. The switch is open when connecting the addressed diode 
to an amplifier. This arrangement allows connecting a4x4( or 10x10) array of 
light sources (different fluorescent probes, for example) to the photodiode array 
and reading out the signal levels sequentially. With some modification, a paral- 
lel reading system can be designed. Using a single photodiode detector would 
require mechanical motion to scan the source array. The additional switches 




Fig. 2. Photograph of the 8x8 integrated circuit microchip 
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Fig. 3. Schematic of the electronic design of the 8x8 microchip with CMOS photodiode 
regions and signal processor regions 





6 Multi-functional Biochip for Medical Diagnostics and Pathogen Detection 125 



and amplifier serve to correctly bias and capture the charge generated by the 
other photodiodes. The additional amplifier and switches allow the IC to be 
used as a single, large area (nearly 4 mm square) photodetector. 

To evaluate and select an improved IC system for the biochip, a chip with an 
8x8 CMOS sensor array was designed and fabricated. This microchip contains 
4 quadrants, each having a different electronic design, which was evaluated for 
optimal performance. Figure 2 shows a photograph of the 8 x 8 IC microchip. 
Figure 3 shows the design of the different CMOS photodiode regions and sig- 
nal processor regions of the 8x8 microchip. With the CMOS technology, high- 
ly integrated biosensors are made possible partly through the capability of fab- 
ricating multiple optical sensing elements and microelectronics on a single IC. 
A two-dimensional array of optical detector-amplifiers was integrated on a sin- 
gle IC chip. 

3 

Experimental Systems and Procedures 



3.1 

Instrumentation 



3.1.1 

Optical Setup 

Figure 1 illustrates a schematic diagram of the IC biochip detection system with 
associated excitation and signal collection optics. A He-Ne laser (Spectra-Phys- 
ics, Inc., Model 106-1, Eugene, OR) was used for excitation of the Cy5 label at 
632.8 nm. The laser beam was filtered with a 632.8-nm bandpass filter (Cat. No. 
P3-633-A-X516, Corion, Franklin, MA) and directed through a diffractive optic 
device. The diffractive optic formed a 4 x 4 array of equally intense laser beams, 
which was focused on the sampling platform (e.g. membrane). The intensity of 
each laser spot was estimated to be 0.2 mW, and the spacing between the spots 
was approx. 1 mm. An image (1:1) of the laser spot array was projected onto the 
corresponding 4x4 array of photosensors of the IC biochip via a gradient index 
microlens array (Cat. No. 024-5680, OptoSigma®, Santa Ana, CA). A combination 
of a 633-nm holographic notch filter (Cat. No. HNPF-633-1.0, Kaiser Optical Sys- 
tems, Inc., Ann Arbor, MI) and a thin-film dielectric filter with a high-pass at 645 
nm (Visionex, Atlanta, GA) was used to isolate the Cy5 emission signal from the 
laser line. Voltage output from the IC biochip was recorded with a strip chart 
recorder (Model BD40, Kipp and Zonen, Delft, The Netherlands) or from a dig- 
ital multimeter (Model 506, Protek). For some studies, the system was modified 
with a biofluidics system for on-chip monitoring of bioassays. The sampling 
chamber of this biofluidics system was placed in the optical system as shown in 
Fig. 1, with the focus of the excitation beam array being maintained at the sam- 
pling platform (placed within the sampling chamber). 
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3.1.2 

The Biofluidics System 

A schematic diagram of the biofluidics system for on-chip immunoassays is 
illustrated conceptually in Fig. 4. A pump and valve system enables the sequen- 
tial delivery of the fluid-based sample, the reagents and probes required for on- 
chip DNA hybridizations or antibody conjugations, and the rinsing solutions. 
Central to the system is a sampling chamber block. The sampling chamber 
block was fabricated from a 1“ x 1“ x 1/8“ Plexiglas slab (OPTIX®, Plaskolite, 
Inc., Columbus, OH). A 1/2“ diameter hole was drilled through the center of the 
block to form the sampling chamber, resulting in a 0.4 mL total sampling vol- 
ume. Several 1/16“ diameter holes were also drilled from the edges of the Plex- 
iglas slab to the central sampling chamber. Some of these channels served as 
conduits for reagent or sample delivery or purging. For these studies, the plumb- 
ing was 1/16“ o.d. X 1/50“ i.d. polyetheretherketone (PEEK) tubing (Cat. No. 
1532, Upchurch Scientific, Oak Harbor, WA). Inlet plumbing was also attached 
to a peristaltic pump capable of a flow rate of 1 mL min L Other channels served 
as ports for various accessories, such as a nichrome heating filament and a ther- 
mocouple temperature probe (Aeropak). Once all plumbing and other acces- 
sories were seated in the Plexiglas block, the channels were all sealed with 5- 
minute epoxy. The sampling chamber was sealed with a pair of optical windows 
cut from microscope slides. While the bottom window was held permanently in 
place by 5-minute epoxy, the top window was intended to be removable for easy 



Single- Chamber Biofluidic System 




Fig. 4. Schematic diagram of the biofluidic system featuring a single-chamber sampling 
module with internal heating and temperature minotoring 
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access to the sampling chamber. High vacuum grease (Dow Corning Corp., Mid- 
land, MI) was used to temporarily hold the top window in place during on-chip 
assays. Consistent with the optical system depicted in Fig. 1, the laser excitation 
was introduced through the top window and the fluorescence signal was collect- 
ed through the bottom window of the sampling chamber. 



3.2 

Preparation of DNA Probes 

Nucleic acid probes were purchased from commercial sources (01igo,Etc., Inc.) 
whenever available. Laboratory-prepared oligonucleotides were synthesized 
using an Expedite 8909 DNA synthesizer (Millipore). Oligonucleotides with 
amino linkers were synthesized using either C3 aminolink CPG for 3‘ labeling or 
5‘ amino modifier Ce (Glenn Research, Sterling, Virginia) for 5‘ labeling. All oli- 
gonucleotides were synthesized using Expedite reagents (Millipore) and were 
de-protected and cleaved from the glass supports using ammonium hydrox- 
ide. The de-protected oligonucleotides were concentrated by evaporating the 
ammonium hydroxide in a Speedvac evaporator (Savant) and resuspended in 
100 pL distilled H2O. Further purification was performed by isopropanol pre- 
cipitation of the DNA as follows: 10 pL of 3-M sodium acetate pH 7.0 and 1 10 pL 
isopropanol was added to 100 pL of a solution of DNA. The solution was then 
frozen at -70 °C. The precipitate was collected by centrifugation at room tem- 
perature for 15 min and was washed 3 times with 50% isopropanol. Residual iso- 
propanol was removed by vacuum drying in the Speedvac and the DNA resus- 
pended in sterile distilled water at a final concentration of 10 pg pL L These 
stock solutions were diluted in the appropriate buffer at a 1:10 dilution to give a 
DNA concentration of 1 pg pL h 

To label DNA with the Cy5 dye (Amersham Life Sciences, Arlington Heights, 
Illinois), modified oligonucleotides containing alkyl amino groups were deri- 
vatized as follows: 30 pmoles of the DNA was dissolved in 250 pL 0.5-M sodi- 
um chloride and passed through a Sephadex G 10 (1 cm diameter, 10 cm long) 
(Pharmacia, San Diego, CA) column equilibrated with 5 mM borate buffer (pH 
= 8.0). The void volume containing the oligonucleotides was collected and con- 
centrated by evaporation. The resulting solution was dissolved in 100 pL 0.1 -M 
carbonate buffer (pH = 9.0). Cy5 (1 mg in carbonate buffer) was added to the 
oligonucleotides and the conjugation reaction was performed at room temper- 
ature for 60 min with occasional mixing. The conjugated oligonucleotide was 
separated from the free dye using a Sephadex GIO column as described above. 
The fractions containing the labeled DNA were collected and concentrated 
using a Speedvac evaporator. 

3.3 

Protocol for DNA Studies 

We have investigated several methods to bind DNA to different supports that 
can be used as materials for the biochip sampling platform. One method for 
binding DNA to glass has involved silanization of the glass surface followed by 
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activation with carbodiimide or glutaraldehyde. In early studies, we have used 
the silanization methods for binding to glass surfaces using 3-glycidoxypropylt- 
rimethoxysilane (GOPS) or aminopropyltrimethoxysilane (APTS) and attempt- 
ed to covalently link DNA via amino linkers incorporated either at the 3‘ or 5‘ 
end of the molecule during DNA synthesis. More recently, we have investigated 
binding the DNA probe onto a membrane and subsequently attaching the mem- 
brane to the transducer detection surface. This approach avoids the need to 
bind the bioreceptor onto the transducer and could possibly allow easier large- 
scale production. Several types of membranes are commercially available for 
DNA binding: nitrocellulose, charge-modified nylon, etc. The DNA probe is then 
bound to the membrane using ultraviolet activation. 

In these studies, we have used Zeta-Probe membranes for the immobiliza- 
tion of DNA capture probes. Small pieces ( 0.4 cm square) of Zeta-Probe mem- 
brane were prepared from Zeta-Probe sheets stored in a dessicator. Two pL of 
various dilutions of a 152-mer single-stranded oligonucleotide fragment of the 
Bac 813 gene of B. anthracis DNA (which was used as a model for the detec- 
tion of B. anthracis genomic DNA [17]) was spotted onto individual membrane 
squares. The concentration of the gene fragment spotted onto the individual 
squares ranged from 50 pmoles to 2 attomoles. The DNA fragment was subse- 
quently immobilized by UV crosslinking for 4 min in a UV irradiation cham- 
ber. The membrane squares were then blocked by incubation in a solution of 
6 X SSC (1 X SSC =15 mM sodium citrate, 150 mM sodium chloride, pH 7.0), 
1% bovine serum albumin, and 0.2% sodium dodecyl sulfate (SDS) for 1 h at 
37 °C. After blocking, hybridization was carried out in the following manner. A 
hybridization probe of the following sequence (GAT GGG ATT TCT TTC TGA 
CTT GG) labeled with Cy5 on the 5‘ end (probe selected using the Probe Selec- 
tion Tool found at http://lces.med.umn.edu/rawprimer.html) was diluted in the 
6 X SSC, 1% bovine serum albumin, 0.2% SDS solution used for blocking. The 
final concentration of the probe in solution was 0.27 pmolar. Individual mem- 
brane squares were placed in microcentrifuge tubes (1.5 mL) and 0.85 mL of 
probe-containing solution was added to each tube. Hybridization was carried 
out for 18 h at 50 °C. Following hybridization, the individual squares, still in the 
microcentrifuge tubes were washed for 15 min at 24 °C with 5 x SSC + 0.1%SDS. 
The membrane squares were then washed in distilled water 2x, for 1 min each, 
and then the fluorescence was determined as explained elsewhere. Blanks were 
made up of membrane squares which either were not spotted with any DNA, or 
were spotted with herring sperm DNA, and treated subsequently as described 
above. 
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3.4 

Protocol for Antibody Studies 
3.4.1 

Assay for E.coli 

A two-component Cy5-labeled antibody sandwich was used in this immu- 
noassay, as demonstrated in Fig. 5. Heat-killed E. coli 157:H7 whole cells were 
immobilized and, following blocking, were coated with goat anti-£. coli anti- 
body, which, in turn, was reacted with Cy5-labeled rabbit anti-goat IgG anti- 
body. A 96-well assay plate with cellulose ester membrane bottoms housed the 
reactions. The membranes in the wells were pre-wetted for 1 min with 200 pL 
of phosphate buffered saline (PBS), followed by removal using the multi screen 
vacuum manifold (Cat. No. MAVM 09601, Millipore Corp., Bedford, MA 01730). 
Various dilutions of the antigen were then pipetted into the wells. The anti- 
gen used was a preparation of heat-killed Escherichia coli 0157 :H7 organisms 
(Cat. No. 50-95-90, Kirkeguard and Perry Laboratories, Inc., Gaithersburg, MD 
20879), containing 7.0 x 10^ organisms mL L The cell suspension was diluted in 

Method for On-chip Antibody Detection Via Sandwich linmunoassay 
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Fig. 5. Schematic diagram of a sandwich immunoassay for E. coli detection using Cy5 
labeled antibody probes 
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0.1 M sodium carbonate buffer, pH 9.6. Aliquots of 80 pL of varying dilutions 
of E. coli cell suspension were pipetted into separate wells of the Multi Screen 
plates. Following 1 h of incubation at room temperature (24 °C), the antigen 
suspension was removed using the vacuum manifold. 200- pL aliquots of a solu- 
tion of 0.25% BSA, 0.05% Tween 20 in PBS were added to each well to block any 
unoccupied binding sites, and the plate was incubated for 1 h at room temper- 
ature, followed by removal of the blocking solution. Dilutions of a goat affini- 
ty-purified antibody to E. coli 0157:H7 (Kirkeguard and Perry Laboratories, Cat. 
No. 01-95-90, Gaithersburg, MD 20879) were prepared in the same buffer used 
for the blocking step. Usual dilutions were 1:25 or 1:50. All wells received 80-pL 
aliquots of this primary antibody. After incubation for 1-1.5 h at room temper- 
ature, the antibody solution was removed using the vacuum manifold. Each well 
was then washed 4x using 0.5% Tween 20 in PBS, by filling the well by means of 
a Pasteur pipette and removing the wash solution by vacuum filtration. A sec- 
ondary anti-species antibody with covalently attached dye molecules was used 
to complete the immunoassay sandwich. This antibody was a purified rabbit 
anti-goat IgG(H+L) antibody (ZyMax Grade) conjugated with Cy5 (Cat. No. 81- 
1616, Zymed Laboratories, San Francisco, CA 94080k This antibody was diluted 
(usually 1:25 or 1:50) in the same buffer as was used for the primary antibody, 
and 80-pL aliquots were dispensed into appropriate wells. After incubation for 
1-1.5 h at room temperature in the dark (i.e. plate wrapped in aluminum foil), 
the wells were emptied by vacuum filtration, and all wells were washed 5-6x 
with 0.5% Tween in PBS. Negative controls were prepared by treating other wells 
with blocking solution, primary antibody and secondary antibody, but no E. coli 
antigen. 

3.4.2 

Assay for FHIT Protein 

Two cell lines, MKN74-PRC-FH1T A66 (MKN/FHIT) and MKN74-PRC-E4 
(MKN/E4) were kindly provided by Dr Kay Hubner (Kimmel Cancer Cent- 
er, Philadelphia, PA). Both cell lines were propagated from gastric carcinoma- 
derived cells. The MKN/FHIT cell line was transfected with a vector for the 
expression of the fragile histidine triad (FHIT) gene. The MKN/E4 cell line was 
transfected with a null vector. Except for the missing FHIT gene fragment in the 
MKN/E4 line, the two cell lines were identical. They were maintained in DMEM 
media supplemented with 10% fetal bovine serum (FBS) in the presence of 200 
pg mL'^ Geneticin (GIBCO/BRL) and in a 5% CO 2 atmosphere at 37 °C. The cells 
were lysed via sonication in a lysis buffer. Cytoplasmic proteins were isolated 
from the mixture by centrifuging the suspension. The supernatant was analyzed 
for total protein content using the standard, chemiluminescence-based Pierce- 
BCA Assay. Extracts of both cell lines were also analyzed via Western Blot assay 
after gel electrophoresis to confirm the presence and absence of FHIT protein in 
the MKN/FHT and MKN/E4 lines, respectively. After these preliminary analyses, 
cell line supernatants were diluted and spotted on Immobilon-P membranes. 
The membranes were then treated with a blocking solution of 5% nonfat dry 
milk, 10% FBS in PBS (pH 7.2). The membranes were finally placed in the samp- 
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ling chamber of the biofluidics system for on-chip bioassays. For on-chip anal- 
ysis, the membrane was simply exposed to a Cy5-labeled anti-FHIT antibody 
and rinsed. 



3.5 

Protocol for DNA/Antibody Combined Assay 

DNA (fragment of Bac 813 gene of B. anthracis as above) and antigen {E. coli 
0157 heat-killed cells) were spotted in 2 pL spots onto adjoining segments of 
a rectangular piece of Zeta-Probe membrane (0.5 by 1.5 cm). Specifically, the 
amount of DNA spotted was 206 pmoles, and the amount of E. coli cells was 1.4 
X 10^. Following UV fixation and blocking as described above, the membrane 
was processed through the hybridization protocol also detailed above, except 
the temperature at which hybridization occurred was 37 °C. Following the ini- 
tial washing step in 5 x SSC, 0.1% SDS, the membrane strip was carried through 
an immunoassay protocol as follows. The membrane strip was placed in a 
microcentrifuge tube, and 0.8 mL of a goat affinity purified antibody to E. coli 
0157(KPL Inc) diluted to 40 pg mL'^ in BSA Diluent/Blocking solution (dilut- 
ed 1:15 in distilled water) (KPL Inc) was added. The antibody binding step was 
allowed to occur for 1 h at 37 °C. Following washing in PBS + 0.5% Tween 20, 
the membrane strip was transferred to another tube, and was incubated for Ih 
at 37 °C with a Cy5 -labeled rabbit antibody to goat IgG (H + L) (Zymed Labora- 
tories), used at a final concentration of 50 pg mL'^ in the BSA Diluent described 
above. Following extensive washing, the fluorescence was determined. Part of 
the membrane which was not spotted either with DNA or antigen served as the 
blank for assay purposes. 

3.6 

Protocol for ELISA-based Detection of B.globigii 

In order to provide both a sensitive and selective analysis, an enzyme-linked 
immunosorbent assay (ELISA) for antibody-based capture and identification 
of Bacillus globigii (B.g.) spores (a surrogate species for Bacillus anthracis), was 
used in conjunction with the biochip detection system. As illustrated in Fig. 6, 
antibodies specific to a surface antigen on the B.g, spore (goat anti-B. globigii, 
lot T 190999-03 purchased from Tetracore, MD) were immobilized onto a Nunc 
maxisorp protein binding platform (Nunc Maxisorp 96 well plates) overnight at 
4 °C. The goat antibody was diluted to 10 pg mL"^ in O.IM carbonate buffer, pH 
9.6. The remaining binding sites were blocked for 1 h at room temperature using 
a BSA diluent/blocking solution concentrate, diluted 1:10 in distilled water 
(KPL, Gaithersburg, MD). Following blocking, the immobilized antibodies were 
then incubated with the B.g. spores (diluted to various concentrations in PBS) 
for 1 h at 37 °C, and then washed thoroughly in PBS to remove any unbound 
target species. Subsequently, a detector antibody (rabbit anti-B. globigii, lot 
# T18 1099-01, Tetracore, MD) recognizing another epitope on the B.g. spore sur- 
face, was diluted in BSA diluent/blocking solution concentrate (1:15 dilution in 
distilled water) to a final concentration of 5 pg mL'^ and similar to before incu- 
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Fig. 6. Schematic diagram of an ELISA assay for B. globigii detection using an alkaline 
phosphatase-conjugated detector antibody and DDAO-P substrate 



bated at 37 °C for 45 min followed by a series of washes (PBS + 0.5%Tween 20). 
The final antibody, goat anti-rabbit IgG (H-i-L) conjugated with alkaline phos- 
phatase (Jackson Immunoresearch Laboratories, Avondale, PA), was diluted 1: 
3000 in AP stabilizer (KPL), and was incubated with the sample complex for 45 
min and the unbound enzyme-antibody conjugate was removed through sev- 
eral washes as described above. Finally, the fluorogenic substrate dimethylac- 
ridinone phosphate (DDAO-P) 20 pM in 0.1 M Tris, pH 9.9 4 1 mM MgCb was 
incubated at 37 °C with the immunocomplex to yield a detectable fluorescence 
product. Upon enzymatic cleavage, DDAO-P produces a product (DDAO) with a 
shift in absorption maximum of over 200 nm relative to the unreacted substrate, 
allowing the two species to be easily distinguished. 

4 

Results and Discussion 



4.1 

Fundamental Evaluations of the 1C Biochip via Off-chip Bioassays 

We have performed measurements to evaluate the analytical figures of merit 
of the biochip detection array system. Since the chip design includes on-board 
data filtering/amplification circuitry, the signals from the biochip were direct- 
ly recorded without the need of any electronic interface system or signal ampli- 
fication device. This unique feature of the integrated MFB biochip developed in 
our laboratory differentiates it from many commercially available chip systems. 
Figures 7 and 8 demonstrate the quantitative capability of the biochip in moni- 
toring the immobilization of various biomolecules of medical and environmen- 
tal interest. Figure 7 shows a calibration curve for the detection of a segment of 
the Bac 816 gene of Bacillus anthracis through hybridization of a Cy5-labeled 



6 Multi-functional Biochip for Medical Diagnostics and Pathogen Detection 133 



B. Anthracis DNA Assay with the Biochip 




Fig. 7. Calibration curve of for the detection of Bacillus anthracis using DNA probes 
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Fig. 8. Calibration curve for the detection of Escherichia coli using antibody probes 



DNA probe. Each point in the calibration curve represents an average of 16 
blank-subtracted sample platform signals acquired with the 4x4 photosensor 
array. The blank was a membrane which had been treated with herring sperm 
DNA and blocking agent before being exposed to the Cy5-labeled DNA probe, 
thus enabling correction for nonspecific binding. As demonstrated in our cali- 
bration measurements, the biochip exhibited a linear dynamic range of more 
than 4 orders of magnitude for immobilized DNA. In addition, an average rela- 
tive standard deviation of 15% was observed for element-to-element response 
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within the photosensor array. This reproducibility is quite good considering the 
variability due to the inhomogeneity of the membrane substrate. 

Figure 8 shows a calibration curve for the detection of immobilized 
Escherichia coli 157:H7. In contrast to the Bacillus anthracis study described 
above, this screening method involved antibody/antigen interaction, analo- 
gous to the Western Blot assay. A two-part Cy5-labeled antibody probe was used 
in this three-part sandwich assay. Heat-killed E. coli 157:H7 whole cells were 
immobilized and, following blocking, were coated with goat anti-£. coli anti- 
body, which, in turn, was reacted with Cy5-labeled rabbit anti-goat IgG anti- 
body. Each point in the calibration curve represents an average of 16 blank-sub- 
tracted sample platform signals. The blank was a membrane, which had been 
treated with blocking agent and goat anti-£. coli. antibody before being exposed 
to the Cy5-labeled rabbit anti-goat IgG antibody probe. In this study, the bio- 
chip yielded a linear dynamic range of approximately 2.5 orders of magnitude 
(1.4 X 10^ cells - 3.5 x 10^ cells) for immobilized E. coli. The upper limit of the 
linear dynamic range can be attributed not to the linear range of the photosen- 
sors of the biochip, but rather to fluorescence quenching or self-absorption at 
higher concentrations. As before, we have observed an average relative standard 
deviation of 15% for element-to-element response exhibited by the photosensor 
array in this three-part assay. This result is particularly interesting due to the 
fact that not only a different type of sampling platform (membrane) was used, 
but also that the extra „layer“ of this „sandwich“ assay likely introduced a high- 
er potential for variability. The results of this study demonstrate the feasibility 
of quantitative determination of pathogenic agents using the biochip. 



Multi -timctional Biochip 







E Gaii C«lli (Antftody Pnbe) 
E Cdl Cells (Andiodj Pnbe) 

B j^lhrmis DNA CDNA Prebe) 

B AjiiArfliis DNA (DNA Probe) 



Fig. 9. Detection of E. coli and B. anthracis using the multifunctional biochip system. 

Two rows of the biochip were used for the detection of 1 x 10^ E. coli cells via Cy5-labeled 
antibody probes, while the other two rows served for the detection of the 41.2 pmol B. 
Anthracis using Cy5-labeled DNA probes 
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Figure 9 illustrates the detection of E. coli emd B. anthracis with the multi- 
functional biochip system using antibody and DNA probes, respectively. Each 
signal bar of the graph represents the signal acquired with an individual detec- 
tion element of the 4x4 photosensor array. Sensing arrays of half of the biochip 
show the detection of 1 x 10^ E. coli cells via Cy5-labeled antibody probes, while 
the other half was used for the detection of the 41.2 pmol B. anthracis gene frag- 
ment via Cy5-labeled DNA probes. Samples were immobilized on sample plat- 
forms as described for the establishment of the individual calibrations shown 
in Figs. 7 and 8. 

The unique feature of the biochip is the capability to perform different types 
of bioassay on a single platform using DNA and antibody probes simultaneous- 
ly. Hybridization of a nucleic acid probe to DNA biotargets (e.g., gene sequences, 
bacteria, viral DNA) offers a very high degree of accuracy for identifying DNA 
sequences complementary to that of the probe. In addition to DNA probes, the 
MFB uses another type of bioreceptor, i.e., antibody probes that take advantage 
of the specificity of the immunological recognition. Antibodies have been used 
previously in immunosensors for chemical and biological analysis [18-20]. Just 
as specific configurations of a unique key enable it to enter a specific lock, so 
in an analogous manner, an antigen-specific antibody “fits” its unique antigen. 
Thus an antigen-specific antibody interacts with its unique antigen in a highly 
specific manner, so that the total three-dimensional biochemical conformation 
of antigen and antibody are complementary. This molecular recognition capa- 
bility of antibodies is the key to their usefulness in immunosensing channels 
of the MFB; molecular structural recognition allows one to develop antibodies 
that can bind specifically to chemicals, biomolecules, and microorganism com- 
ponents. The results of this study using antibody against E. coli and DNA probes 
for B, anthracis demonstrate the feasibility of the multi-functional biochip for 
the detection of multiple biotargets of different functionality (DNA, proteins, 
etc.) using a single biochip platform. 

4.2 

Application of the ELISA Technique to Biochip-based Detection 

Enzyme-linked immunosorbent assay (ELISA), is a method capable of a selec- 
tive, yet sensitive analysis of biological samples. Typically, the two most com- 
mon enzymes that are utilized in an ELISA protocol are alkaline phosphatase 
and horseradish peroxidase. Both of these enzymes are ideally suited for many 
applications since they possess very high turnover rates, allowing for a rapid 
accumulation of a measurable product that can be correlated to the concen- 
tration of the target present in the sample. Recently, a novel fluorogenic alka- 
line phosphatase substrate has become available as an alternative to fluorescein 
diphosphate (FDP) and 4-methylumbelliferyl phosphate (MUP), which have 
been in widespread use for many years. DDAO-P has a number of advantag- 
es over other fluorogenic substrates including avoidance of the biphasic kinet- 
ics of fluorescein- and rhodamine-based substrates due to a single hydrolysis- 
sensitive moiety. Upon enzymatic cleavage, DDAO-P produces a product with 
a shift in absorption maximum of over 200 nm relative to the unreacted sub- 
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Fig. 10. Detection of B. globigii spores using ELISA assay and biochip detection 



strate, allowing the two species to be easily distinguished. Unlike other fluoro- 
genic substrates, DDAO-P yields a product that fluoresces in the red (emission 
maxima 659 nm), and the resulting product is conveniently excited by the 633 
nm spectral line of a helium neon laser or the 635 nm line of a small diode laser 
(absorption maxima 646 nm). 

Figure 10 shows the fluorescence intensity of the DDAO product for differ- 
ent concentrations of target B.g. spores obtained using an ELISA and the bio- 
chip detection. The last bar depicts the fluorescence intensity of the substrate, 
which has not been hydrolyzed to the DDAO product. The negative control 
exhibits some non-specific binding, as evidenced by the slightly higher fluo- 
rescence intensity relative to that observed for the substrate. However, the fluo- 
rescence intensity for the 5600 spore sample is clearly distinguishable from the 
negative control. In addition, the fluoresence intensity was found to increase 
with increasing concentrations of spores. Enzyme-based amplification offers 
an attractive alternative to nucleic acid- based amplification methods, such 
as polymerase chain reaction, since it eliminates the need for a cell lysing step 
that is particularly difficult to achieve with spores, such as Bacillus anthracis. In 
addition, the ability to perform this analysis using a small diode laser for excita- 
tion of the product, along with the self-contained ORNL biochip design, allows 
for a small, compact system for biological warfare agent detection. 



4.3 

Evaluation of the Biofluidics-based Biochip System for On-chip Bioanalysis 

We have developed a biofluidics system for sample and regent delivery to the 
sensing area of the biochip for on-chip, real-time monitoring of bioassays. With 
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such a system, potential applications of the IC biochip may be extended to on- 
line monitoring of liquid or gaseous flow streams which ultimately end in liq- 
uid-based assays. Furthermore, such a system can also aid in fundamental stud- 
ies which can facilitate optimization of sample platform design and various bio- 
assay reaction parameters (e.g. temperature, reagent concentrations, incubation 
periods, reagent flow rates, etc.). 



4.3.1 

Assay for E.coli 

The sandwich immunoassay method for detection of E. coli 0157:H7 has been 
performed with the biofluidics system to demonstrate the feasibility of on-chip 
monitoring of bioassays. A practical approach to biofluidics-based detection 
is to pretreat sampling platforms with bioreceptors prior to installation in the 
reaction chamber of the biofluidics system. Sample and sensing probe introduc- 
tion steps would subsequently be performed with the biofluidics system. In this 
study, we closely mimicked this approach by pretreating a membrane with E. 
coli organisms and E, co/z-specific antibodies prior to placement in the reaction 
chamber of the biofluidics module (the first two steps of the sandwich immu- 
noassay). The pretreated membrane was subsequently incubated with the Cy5- 
labeled anti-species antibody and rinsed on-chip via the biofluidics system. 

Figure 11 illustrates signal traces for an Cy5-labeled antibody-based assay 
for E. coli [15]. These profiles are real-time stripchart recordings correspond- 
ing to the signal output from individual detection elements of the biochip. The 
initial baseline region of the profiles corresponds to the signal yielded by the 
pretreated membrane immersed in PBS buffer, which included approximately 
20,000 organisms per probed area (as defined by the laser spot size). The sharp 
increase in signal corresponds to the inflow of Cy5-labeled antibody solution 
( 0.04 pg mL‘0 in the reaction chamber, while the ensuing high plateau region 
corresponds to a stop-flow 30-min incubation period. The sharp decrease in 
signal at the end of the incubation period marks the onset of rinsing with the 
Tween/PBS buffer solution. The intensity of Cy5 fluorescence signal is thereaf- 
ter recorded for 15 min of rinsing with a flow rate of 1 mL min‘^ (note: the time 
scale is different for the incubation and rinsing regions of the profile). As dem- 
onstrated by the figure, the signal profiles for the E. coli treated membrane and 
the blank take on significantly different characteristics during the rinsing step. 
The blank membrane was pretreated with blocking reagent and the E. coli-spe- 
cific antibody, but no E. coli organisms. The fluorescence profile for the blank 
membrane illustrates some significant signal from residual nonspecific interac- 
tion. Nevertheless, the low noise of the traces permits the confirmation of E. coli 
detection, particularly after 15 min of rinsing. 

Using the procedure described above, the biofluidics system was used to 
measure signals for various numbers of probed E. coli organisms. The results 
are illustrated in Fig. 12 [15]. The signal levels depicted by the figure correspond 
to blank-subtracted signals obtained after 15 min of rinsing. Repeated meas- 
urements performed with the biochip have produced a relative standard devia- 
tion of approximately 15%. While a proportional response of signal level to the 
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Fig. 11. Real time monitoring of an on-chip bioassay for E. coli using Cy5-labeled antibody 
probes. The fluorescence profiles were generated from two membranes. One membrane 
was innoculated with approximately 20,000 organisms (solid line) and the other membrane 
was the control (dashed line). (Source: Stokes DL, Griffin GD, Vo-Dinh T (2001) Fresenius’ 
J Anal Chem 369:295) 



Sensitive On-Cliip Detecdoii of E. coli 
Using tlie Biocliip and Biofluidic System 




Fig. 12. Fluorescence signals (blank-subtracted) observed for various numbers of E. coli 
organisms following a sandwich immunoassay with Cy5-labeled antibody probes. Signals 
were acquired after 15 min of rinsing. (Source: Stokes DL, Griffin GD, Vo-Dinh T (2001) Fre- 
senius’ 1 Anal Chem 369:295) 
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number of probed organisms is observed, the true highlight of this experiment 
was the detection of as little as 21 coli organisms using the sandwhich immu- 
noassay technique. 



4.3.2 

Assay for FHIT Protein 

The biofluidics system has also been used for on-chip monitoring of an assay 
for the FHIT protein. Human FHIT protein, a tumor suppressor, has recent- 
ly become a significant factor in cancer research. This protein is composed of 
147 amino acids (16.8 kDa mass) assembled from a 1.1 kilobase message, tran- 
scribed from a 1 megabase strand of genomic DNA. The genomic strand is 
located in chromosome region 3pl4.2. Alterations of the FHIT gene have been 
associated with both early and late events in the development of a variety of 
cancers [21-28]. As a result, loss of FHIT gene expression has been correlated 
with various carcinomas (e.g. lung, esophageal). Indeed, the overall frequency of 
FHIT expression or inactivation in pre-malignant and malignant tissues might 
provide important diagnostic and prognostic information [29], ultimately aid- 
ing in early-detection of FHIT-associated cancers. Clearly, FHIT protein detec- 
tion could be a valuable medical diagnostic application of the IC biochip, par- 
ticularly when coupled to the biofluidics system for assays performed in a clin- 
ical setting. 

Figure 13 illustrates the detection of FHIT protein achieved with an anti- 
body-based assay, performed on-chip via the biofluidics system. Each bar rep- 
resents the total signal observed from the total protein sample deposited on 

On-Chip Detection of FHTT Tumor Pi'otein 
Using the Biochip and Biofluidic System 




Fig. 13. Fluorescence signals observed for Cy5-labeled anti-FHIT antibody probes immo- 
bilized by various amounts of cytoplasmic protein samples obtained from MKN/FHIT and 
MKF/E4 cells. The MKF/E4 sample serves as the control for FHIT protein detection, lack- 
ing only the FHIT protein component of the cytoplasm. Signals were acquired after 15 min 
of rinsing 
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the sampling platform. Total protein estimates for each assay were based on 
the original protein concentrations for each cell line (as determined with the 
Pierce BCA assay), the dilution factor, the spotted sample volume, and the sur- 
face area probed by the excitation laser spot. It is important to note that each 
spotted protein sample contained all proteins present in the supernatant fol- 
lowing centrifugation of lysed cells. This isolated portion should have includ- 
ed all cytoplasmic proteins. Therefore, the results depicted in Fig. 13 demon- 
strate selective detection of FHIT protein as immobilized from a complex sam- 
ple of a cellular proteins. Signals from protein samples of both the MKF/E4 and 
MKF/FHIT cell lines are shown in the figure. The samples derived from the two 
cell lines should have been equivalent except for the presence of the FHIT pro- 
tein in the MKF/FHIT sample; hence, the MKF/E4 sample could have been con- 
sidered a nearly ideal control. Fluorescence signal observed from this control 
could therefore be attributed to nonspecific binding of the Cy5-labeled probe 
on the sampling platform. Nevertheless, the signal observed for a 40 pg sample 
of the MKF/E4 cell line protein was significantly less than the signal observed 
for a much smaller 2.5 pg sample of the MKF/FHIT cell line. Furthermore, the 
FHIT protein portion of the 2.5 pg total protein sample could have been very 
small. In other words, the actual amounts of FHIT protein detected was likely 
to have been much smaller than the total protein amounts reported in Fig. 13, 
hence demonstrating the potential for highly sensitive detection of FHIT pro- 
tein with the biofluidics-based IC biochip system. Finally, a proportional signal 
response with respect to the amount of sample protein illustrates the potential 
for quantitative detection. 

4.4 

Portable IC Biochip Prototype with Biofluidic System 

The IC Biochip optical detection system and biofludics system has been pack- 
aged in a portable device for field studies. The size of this new system, illustrat- 
ed in Fig. 14a, is 20 cm x 20 cm x 30 cm and weighs approximately 4.5 kg. It rep- 
resents a significant advance in functionality, miniaturization and compactness 
in comparison to typical laboratory-based systems used for the many studies 
presented in this work. One factor in this miniaturization has been the develop- 
ment of miniature diode lasers operating at 635-nm and powered by low volt- 
age (e.g. 5 V) power supplies. Using this type of laser, we have achieved sensi- 
tivities comparable to those observed with the larger HeNe laser-based systems. 
Furthermore, the portable system has an electronic control board, which allows 
for computer control of all fluidic operations and heating processes during the 
assay steps. Finally, the biofluidics system in this new device features a free- 
standing, disposable assay chamber in the form of a unique self-sealing “snap- 
in” cartridge (Fig. 14b). This cartridge integrates heating elements and fluid- 
ic connections through a septum arrangement as the cartridge is snapped into 
place through the side of the box. All of these features, along with relatively low 
power consumption and cost-effectiveness, make the multifunctional biochip 
technology an attractive tool for medical diagnostics and pathogen detection in 
clinical and field settings. 
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A Handheld Biochip Device with Biofluidics Cartridge 



(a) 




Fig. 14. Photographs of an IC Biochip prototype device packaged in a compact box (a) and 
featuring a free-standing, self-sealing cartridge (b) which houses the sampling platform 
and snaps into place through the side of the unit for on-chip bioassays 

5 

Conclusion 

There is an increasing need to develop rapid, simple, cost-effective medical 
devices for screening multiple medical diseases simultaneously and to moni- 
tor infectious pathogens for early medical diagnosis. Such a system will be use- 
ful in physician offices or for use by relatively unskilled personnel in the field 
for human health protection. The MFB, which is a truly integrated biochip sys- 
tem that comprises probes, samplers, detector as well as amplifier, and logic cir- 
cuitry on board, could enable a rapid and inexpensive test for multiple diseases 
and for a wide variety of applications. With its multi-functional capability, the 
MFB technology is the only current system that allows simultaneous detection 
of multiple biotargets simultaneously. Such a device could provide information 
on both gene mutation (with DNA probes) and gene expression (with antibody 
probes against proteins) simultaneously. 
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B.g. 


Bacillus globigii 


BSA 


bovine serum albumin 


CMOS 


complementary metal-oxide semiconductor 


CPG 


controlled-pore-glass 


Da 


Dalton 


DDAO 


dimethylacridinone 


DDAO-P 


dimethylacridinone-phosphate 
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CHAPTER? 



Surface Plasmon Resonance Biosensors for Food Safety 

JiRf Homola 



1 1ntroduction 

Technology for early detection and identification of biological substances is 
urgently needed in fields such as environmental protection, biotechnology, med- 
icine, and food and drug screening. In the United States, foodborne illness- 
es caused by chemical contaminants, toxins and bacterial pathogens result in 
medical and lost productivity costs of up to $ 22 billion annually [1]. Therefore, 
detection of food safety-related substances is of paramount importance to food 
producers, processors, distributors and regulatory agencies. Although numerous 
detection methods have been developed and implemented in centralized testing 
sites (high performance liquid chromatography, gas chromatography mass spec- 
troscopy, culturing including Gram-staining and microscopic examination, etc.)y 
the intensive search for cost-effective and practical methods capable of detecting 
very low concentrations of chemical contaminants, toxins and bacterial patho- 
gens in food samples in the field continues. In recent years, various sensor tech- 
nologies have been developed (electrochemical sensors [2], piezoelectric sensors 
[3], electrical impedance sensors [4], optical sensors [5]) and tested for detection 
of analytes implicated in food safety [6, 7]. Optical sensors offer several impor- 
tant advantages. The performance of optical sensors is insensitive to electromag- 
netic interference. In addition, optical sensors do not require electrical signals 
in the sensing area and therefore can be operated in hazardous environments of 
industrial plants. Several types of optical biosensors have been demonstrated 
for detection of chemical contaminants, bacterial pathogens and toxins in food. 
These include fluorescence-based sensors [8], grating coupler sensors [9], res- 
onant mirror sensors [10], and surface plasmon resonance (SPR) sensors [11]. 
The fluorescence-based sensors offer high sensitivity, but due to the use of labels, 
they require either multi-step detection protocols resulting in longer detection 
times or delicately balanced affinities of interacting biomolecules for displace- 
ment assays [12] causing sensor cross-sensitivity to non-target analytes. Grating 
coupler, resonant mirror and SPR sensors are label-free sensor technologies and 
thus, in principle, allow for direct and continuous detection. 

This paper focuses on the surface plasmon resonance biosensor technology 
and evaluation of its potential for food safety applications. The report reviews 
fundamentals of SPR sensing (Section 2), presents main implementations of 
SPR biosensors (Section 3), and discusses applications of SPR biosensor tech- 
nology for detection of analytes implicated in food safety (Section 4). 
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2 

Fundamentals of Surface Plasmon Resonance (SPR) Biosensors 

SPR biosensors exploit optical spectroscopy of special electromagnetic waves, 
surface plasmon-polaritons, to measure refractive index changes produced by 
binding events involving a target analyte. 



2.1 

Surface Plasmon-Polaritons and their Excitation by Light Waves 

Surface plasmon-polaritons (SPP) or surface plasma waves (SPW) are special 
modes of electromagnetic field which can exist at the interface between a dielec- 
tric and a metal that behaves like nearly- free electron plasma. An SPP is a trans- 
verse-magnetic (TM) mode (the magnetic vector is perpendicular to the direc- 
tion of propagation of the wave and parallel to the plane of the interface) and is 
characterized by its propagation constant and field distribution. The propaga- 
tion constant of an SPP, (3 can be expressed as follows: 



p 



^ I 

c \ 
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where co is the angular frequency, c is the speed of light in vacuum, and and 
Cm are dielectric functions of the involved dielectric and metal [13, 14]. This 
equation describes an SPP that propagates along the interface if the real part of 
Cm is negative and its absolute value is smaller than c^. At optical wavelengths, 
this condition is fulfilled for several metals, of which gold is most commonly 
used in SPR biosensors. The real part of the propagation constant is related to 
the effective refractive index, N : 
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where Re{} denotes the real part of a complex number. The imaginary part of 
the propagation constant is related to the modal attenuation b (in dB/cm if (3 is 
in 1/m): 
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where lm{} denotes the imaginary part of a complex number. 

Spectral dependencies of the effective refractive index and mode attenuation 
for an SPP propagating along a gold surface are shown in Fig. LAs follows from 
Fig. lb, the SPP undergoes substantial attenuation in the direction of propaga- 
tion. The propagation length of an SPP - the distance in the direction of prop- 
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Fig.l. Effective refractive index (a) and attenuation (b) of an SPP as a function of wave- 
length for an SPP propagating along the interface between gold and a non-dispersive 
dielectric (refractive index - 1.32). The dispersion curve for an optical wave in the dielec- 
tric medium is shown for comparison 



agation at which the energy of the SPP decreases by a factor of 1/e - is less than 
40 ]im for wavelengths in visible and near infrared regions. 

Figure 2, showing the field profile of an SPP, suggests that the SPP field is con- 
centrated at the metal-dielectric interface and decreases exponentially into both 
media with an increasing distance from the interface. The electromagnetic field 
of an SPP is distributed in a highly asymmetric fashion and most of the field is 
concentrated in the dielectric. For SPP’s at the gold-aqueous environment inter- 
face, the penetration depth (the distance from the interface at which the ampli- 
tude of the field falls to 1/e of its value at the surface) is typically 20-30 nm and 
100-500 nm in metal and dielectric, respectively, in visible and near infrared 
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z-coordinate [jim] 

Fig. 2. Distribution of the magnetic field intensity for an SPP at the interface between gold 
and dielectric (refractive index of the dielectric - 1.32) in the direction perpendicular to 
the interface (x-y plane), calculated for the wavelengths of 630 nm (a) and 850 nm (b) 

regions. The later quantity is particularly significant for SPR sensing, as it repre- 
sents the depth probed by optical sensors using SPPs. 

An optical wave can excite an SPP if the component of the light’s wave vec- 
tor that is parallel to the interface, matches that of the SPP. As the propagation 
constant of an SPP at the metal-dielectric interface is larger than that provided 
by the component of the wave vector of light in the dielectric (see Fig. la), the 
SPP cannot be excited directly by light incident onto a smooth metal surface. 
In order to allow for excitation of an SPP by a light wave, the light’s wave vector 
needs to be enhanced to match that of the SPP. An enhancement of a light wave’s 
wave vector can be produced, for instance, by passing light through an optical- 
ly denser medium (Fig. 3a). A light wave passes through a high refraction index 
prism and is totally reflected at the prism base, generating an evanescent wave 
which penetrates a metal film. This evanescent wave propagates along the inter- 
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Fig. 3. Excitation of surface plasmon-polaritons (SPP). a) Excitation by a light beam in the 
Kretschmann geometry of attenuated total reflection, b) Excitation by a guided mode of 
optical waveguide, c) Excitation by light diffraction on the surface of a diffraction grating 
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face with a propagation constant, which can be adjusted to match that of the SPP 
by controlling the angle of incidence. Thus, the matching condition can be ful- 
filled, allowing light to be coupled to the SPP. This method is referred to as the 
attenuated total reflection (ATR) method [14]. The process of exciting an SPP in 
an optical waveguide-based SPR structure (Fig. 3b) is similar to that in the ATR 
coupler. A light wave is guided by the waveguide and, when entering the region 
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Fig. 4. Intensity and phase of light wave reflected in the Kretschmann geometry consisting 
of an SF14 glass prism (refractive index - 1.65), a gold layer (thickness - 50 nm), and a low 
refractive index dielectric medium (refractive index - 1.32), wavelength - 682 nm 



with a thin metal overlayer, it evanescently penetrates through the metal layer. If 
the SPP at the outer boundary of the metal layer and the guided mode are phase- 
matched, the light wave excites the SPP. Enhancement of a light wave’s wave vec- 
tor can be also accomplished by diffraction on a diffraction grating. Fig. 3c. If a 
light wave is made incident on a diffraction grating, a series of diffracted waves 
is produced [15]. The component of the wave vector of these waves parallel to 
the interface is diffraction-increased by an amount which is inversely propor- 
tional to the period of the grating. Thus the wave vector of diffracted light can 
be matched to that of an SPP, allowing light coupling to the SPP. 

The excitation of an SPP is accompanied by the transfer of the light wave 
energy into the energy of the SPP and its dissipation in the metal film, produc- 
ing a characteristic absorption dip in the spectrum of the light wave interact- 
ing with the SPP. A typical SPR dip in the angular spectrum of light reflected in 
the three-medium Kretschmann configuration is illustrated in Fig. 4. It should 
be noted that besides the change in amplitude, the light wave exciting an SPP 
undergoes also a change in phase. 

2.2 

Surface Plasmon Resonance Sensors 

When an SPP propagates along a metal-dielectric interface, its field probes the 
dielectric medium. Any change in the refractive index of the dielectric results in 
a change in the propagation constant of the SPP. Optical sensors based on reso- 
nant excitation of surface plasmons, often referred to as surface plasmon reso- 
nance (SPR) sensors, take advantage of this phenomenon and measure chang- 
es in the propagation constant of an SPP to determine changes in the refractive 
index. Changes in the propagation constant of the SPP are observed as chang- 
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es in characteristics of the light wave interacting with the SPR Based on which 
characteristic of a light wave interacting with the SPP is measured, SPR sensors 
can be classified as follows: 

1 . SPR sensors with angular modulation. The component of the light wave’s wave 
vector parallel to the metal surface matching that of the SPP is determined by 
measuring the coupling strength at a fixed wavelength and multiple angles 
of incidence and determining the angle of incidence yielding the strongest 
coupling, [16, 17]. Figure 5 illustrates implementation of this approach in the 
ATR method. 



Monochramatic 
light source 




Sample Surface 

plasmon 




Angle of incidence [deg] 



Fig. 5. SPR sensor based on angular modulation and the Kretschmann geometry of the ATR 
method (structure: SF14 glass prism - 50 nm thick gold layer - sample) and intensity of a 
transverse magnetic (TM) light wave exciting an SPP as a function of the angle of incidence 
for two different refractive indices of the sample; wavelength - 682 nm 
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Fig. 6. SPR sensor based on wavelength modulation and the Kretschmann geometry of the 
ATR method (structure: SF14 glass prism - 50 nm thick gold layer - sample) and intensity 
of a transverse magnetic (TM) light wave exciting an SPP as a function of the wavelength 
for two different refractive indices of the sample; angle of incidence - 54 deg 



2. SPR sensors with wavelength modulation. The component of the light wave’s 
wave vector parallel to the metal surface matching that of the SPP is deter- 
mined by measuring the coupling strength at a fixed angle of incidence and 
multiple wavelengths and determining the wavelength yielding the strongest 
coupling [18], Fig. 6. 

3. SPR sensors with intensity modulation. A change in the intensity of the light 
wave interacting with the SPP is measured, [19, 20]. Both the angle at which 
the light wave is incident onto the metal film and the wavelength are kept 
constant. Fig. 7. 
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Fig. 7. SPR sensor based on intensity modulation and the Kretschmann geometry of the 
ATR method (structure: SF14 glass prism - 50 nm thick gold layer - sample) and intensity 
of a transverse magnetic (TM) light wave exciting an SPP as a function of the angle of inci- 
dence for two different refractive indices of the sample; wavelength - 682 nm 



4. SPR sensors with phase modulation, A shift in phase of the light wave inter- 
acting with the SPP is measured [21, 22] (Fig. 8). Both the angle at which the 
light wave is made incident onto the interface and its wavelength are kept 
constant. 

5. SPR sensors with polarization modulation. The amplitude and phase of the 
TM polarized wave interacting with the SPP change if the propagation con- 
stant of the SPP changes. TE-polarized light wave does not interact with the 
SPP and thus exhibits no resonant amplitude and phase variations. Therefore, 
the polarization state of the incident light wave consisting of both the polar- 
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Fig. 8. Phase of a transverse magnetic (TM) light wave exciting an SPP in the Kretschmann 
geometry (SF14 glass prism - 50 nm thick gold layer - dielectric) as a function of the angle 
of incidence for two different refractive indices of the dielectric; wavelength - 682 nm 



izations would also be sensitive to variations in the propagation constant of 
the SPP [23]. 

Today, most SPR sensors use angular and wavelength modulations, as these 
approaches incorporate multiple data measurement which offers better sig- 
nal to noise figures than simple intensity modulation. Recent publications have 
demonstrated the potential of phase modulation-based SPR sensors, [21, 22]; 
however, their utilization is still rather limited. 



2.3 

Surface Ptasmon Resonance Biosensors 

SPR biosensors belong to the affinity biosensors. They are composed of an SPR 
transducer and a biological recognition element {e.g. antibody, receptor pro- 
tein, biomimetic material, DNA) which recognizes and is able to interact with 
a selected analyte. One of the interacting molecules (usually the biomolecular 
recognition element except in the inhibition assay detection format. Section 3.4) 
is immobilized on the sensor surface while the other is contained in a solution. 
When the solution is brought in contact with the sensor surface, interaction 
between the biomolecular recognition element and analyte occurs. The binding 
produces a change in the refractive index at the sensor surface. This change pro- 
duces a change in the propagation constant of an SPP excited at the sensor sur- 
face and is eventually measured by measuring a change in one of the character- 
istics of the light wave interacting with the SPP - resonant wavelength, resonant 
angle, intensity, phase, and polarization. Fig. 9. 
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Fig. 9. Surface plasmon resonance (SPR) biosensor - principle of operation 



2.4 

Advantages and Drawbacks of SPR Biosensors 

In principle, SPR biosensor technology can detect any analyte, providing a bio- 
molecular recognition element recognizing the analyte is available. A target 
analyte does not have to exhibit any special properties such as fluorescence or 
characteristic absorption and scattering bands. In addition, SPR biosensors are 
label-free detection devices - binding between the biomolecular recognition 
element and analyte can be observed directly without the use of radioactive or 
fluorescent labels. The binding event can be observed in real-time. Moreover, 
SPR sensor can perform continuous monitoring as well as one-shot analyses. 

The main limitation of SPR biosensors is in the specificity of detection, which 
is solely based on the ability of biomolecular recognition elements to recognize 
and capture target analytes. Therefore, the accuracy of SPR measurements can 
be compromised by interfering effects which produce a change in the refrac- 
tive index but are not associated with the capture of target analyte. One source 
of interference is non-specific interaction between the sensor surface and sam- 
ple, which includes adsorption of non-target molecules to the sensor surface 
and binding of structurally similar but not target molecules to the biomolecular 
recognition elements. Interference may also be produced by effects generating 
background refractive index variations such as sample temperature and com- 
position fluctuations. It is a challenge for SPR biosensor research to eliminate or 
compensate for these effects to advance the utility of SPR biosensors for analy- 
sis of crude samples in out-of-laboratory conditions. 
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3 

Implementations of SPR Biosensors 

In general, an SPR biosensor consists of an optical system for excitation and 
interrogation of SPPs, a biospecific coating which interacts with biomolecules 
in a liquid sample, and a fluidic system comprising flow-cell or cuvette for sam- 
ple confinement at the sensing surface and a fluidic system for sample collec- 
tion, processing and delivery. Fig. 10. 

In this chapter, we shall focus on SPR sensor instrumentation, biomolecular 
recognition elements and SPR measurement formats as these aspects are com- 
mon to all SPR biosensors. Sample collection and processing are, on the con- 
trary, application-specific and depend substantially on the sample matrix. The 
sample processing may range from no preparation or a simple filtration for liq- 
uid samples (water, milk, etc.) to complex multi-step procedures for extraction 
of liquid samples from solid food matrices (meat, corn, etc.). These issues are 
beyond the scope of this work and will not be discussed here. 

3.1 

Surface Plasmon Resonance Sensor Platforms 

SPR sensor platforms are based on excitation of SPPs by means of prism and 
grating couplers and optical waveguides. Fig. 3. 



3.1.1 

SPR Sensors Using Prism Couplers 

The Kretschmann geometry of the attenuated total reflection (ATR) method has 
been found particularly suitable for sensing and has become the most widely 
used geometry in SPR sensors. All the main modulation approaches have been 
demonstrated in SPR prism-based sensors: angular modulation [16, 17], wave- 
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Fig. 10. Surface plasmon resonance (SPR) biosensor system 
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Fig. 11. SPR sensor with four parallel sensing channels. (Figure provided by S. Lofas, 
Biacore AB) 



length modulation [18], intensity modulation [19, 20], phase modulation [21, 
22], and polarization modulation [23]. The angular modulation has been most 
frequently reported to be used in SPR sensors and has been exploited in sev- 
eral commercial SPR sensor instruments. These include systems developed by 
Biacore International AB (Sweden), the IBIS system developed by British Wind- 
sor Scientific Ltd. (UK), SPR-670 and SPR-CELLIA systems by Nippon Laser and 
Electronics Laboratory (Japan), the SPR system developed by Johnson & John- 
son Clinical Diagnostics Ltd. (UK), and the Spreeta SPR sensor developed by 
Texas Instruments Inc. (USA). The best laboratory SPR sensors based on prism 
coupling and angular modulation provide refractive index resolution better 
than 3x10'^ RIU (RIU - refractive index unit) [24]. The use of wavelength mod- 
ulation in SPR sensors has been increasingly popular as in the last decade inex- 
pensive high-resolution spectrometers have become a commercial reality. Labo- 
ratory SPR systems with wavelength modulation have been developed in sever- 
al laboratories [25, 26]. The best of these systems offer performance comparable 
with the best angular modulation-based SPR systems. 

Prism couplers have been used in the first multichannel SPR sensing device. 
Fig. 11. In this approach, SPPs are excited simultaneously in multiple areas 
which are arranged perpendicularly to the direction of propagation of SPPs 
[17]. Light reflected from each area is separately analyzed to yield information 
about SPR in every location. Fig. 1 LA similar parallel channel architecture mul- 
tichannel SPR sensor with wavelength modulation has also been reported [27]. 

Recently, an alternative approach to development of multichannel SPR sen- 
sors with wavelength modulation has been developed. This approach uses the 
wavelength division multiplexing technique (WDM) in which each particular 
sensing channel is assigned a distinct spectral region. The spectral encoding can 
be accomplished by sequentially exciting SPPs in different areas of a sensing ele- 
ment by light wave at different angles of incidence. Fig. 12a [28], or by employ- 
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Fig. 12. SPR sensors with wavelength division multiplexing, a) Spectral encoding by means 
of altered angles of incidence [28]. b) Spectral encoding by means of a high refractive index 
overlayer [29] 



ing an overlayer which shifts the resonant wavelength for a part of the sensing 
surface to longer wavelengths, Fig. 12b [29]. 



3.1.2 

SPR Sensors Using Grating Couplers 

Light diffraction at the surface of a diffraction grating has been used in SPR 
sensors to a lesser extent than the attenuated total reflection in prism cou- 
plers. This is mainly because the grating-based SPR sensors require advanced 
modeling and optimization tools [15, 30], and complex fabrication procedures. 
Examples of grating-based SPR sensors include intensity-modulated [31, 32], 
and wavelength-modulated [33, 34], sensing devices. Recently an interesting 
modification of the wavelength modulation approach using an acousto-optic 
modulator has been shown to provide a refractive index resolution better than 
10-6 RIU [35]. 
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3.1.3 

SPR Sensors Using Optical Waveguides 

The use of optical waveguides in SPR sensors provides numerous attractive fea- 
tures such as a simple way to control the optical path in the sensor system (effi- 
cient control of properties of light, suppression of the effect of stray light, etc), 
small size and ruggedness. To date various SPR sensing devices using slab [36] 
and channel [37] single-mode integrated optical waveguides have been report- 
ed. These sensing devices exhibit a limited operating range which, however, can 
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Fig. 13. Integrated optical SPR sensor with wavelength modulation [40] 
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Fig. 14. SPR sensor based on a single-mode optical fiber, a) Fiber optic sensing structure, b) 
Detail of miniature fiber optic SPR probe [45] 
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be increased by using waveguides fabricated in low refractive index glass [37], 
waveguides with a buffer layer [36], or a high refractive index overlayer [38]. To 
improve robustness of the integrated optical SPR sensors, an intensity-based 
integrated optical SPR sensor with a reference arm compensating for variations 
of light levels in the waveguide input [39], and a sensor based on wavelength 
modulation [40], have been developed. A refractive index resolution as low as 
1x10'^ RIU has been demonstrated with the wavelength modulation-based SPR 
integrated-optical sensor [40]. 

The first fiber optic SPR sensor was based on a multimode optical fiber and 
wavelength modulation. The sensor used a conventional polymer clad silica 
(PCS) fiber with partly removed cladding and a metal film deposited symmetri- 
cally around the exposed section of fiber core [41]. This sensor has been shown 
to be able to detect refractive index variations with a resolution up to 5x10'^ 
RIU. A similar geometry, in which the sensing area is formed not at the tip but 
in the middle of an optical fiber, has been used for the development of an inten- 
sity modulation-based SPR sensor [42]. SPR sensors based on single-mode opti- 
cal fibers have also been reported [43, 44]. These sensors employ an optical fib- 
er with a locally removed cladding and an SPP-active metal film. A guided mode 
propagates in the fiber and excites an SPP at the outer boundary of the metal 
film. This sensor can be designed to operate as a transmissive sensor [44] or a 
fiber optic probe [45], Fig. 14. A wavelength modulated-version of this SPR sen- 
sor has been demonstrated to be able to attain a refractive index resolution as 
low as 2x10’^ RIU. 



3.2 

Biomolecular Recognition Elements and their immobilization 

Several types of biomolecular recognition elements have been used in SPR bio- 
sensors. These include antibodies, biomimetic materials, and nucleic acids. Anti- 
bodies are the most widely reported biological recognition elements used in SPR 
biosensors because of their high affinity, versatility, and commercial availabili- 
ty. Antibodies are immobilized on the gold SPR-active layer on the sensor sur- 
face in the form of a monolayer or a three-dimensional biomolecular assembly. 
Various immobilization chemistries that provide stable and defined attachment 
of antibodies have been developed. One approach is to use a streptavidine mon- 
olayer immobilized on a gold film with biotin [46], which may be further func- 
tionalized with biotinylated biomolecules. Another approach is to form a self- 
assembled monolayer of thiol molecules (e.g. alkanethiols) with suitable reac- 
tive groups on one end of the molecule and a gold-complexing thiol on the other 
[47]. Then the antibody can be attached to the thiols. Another approach uses 
a hydrogel matrix composed of carboxyl-methylated dextran chains to yield a 
three-dimensional matrix for antibody attachment [48]. Carboxyl groups on the 
dextran are easily modified using standard coupling chemistries allowing anti- 
bodies to be attached via surface-exposed amine, carboxyl, sulfhydryl, and alde- 
hyde groups. SPR sensing surfaces may also be functionalized by thin polymer 
films to which antibodies can be coupled via amino groups [49]. 
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3.3 

Biomolecular Interactions 

As typical concentrations of free (target) molecules in the solution exceed con- 
centrations of the molecular recognition elements (e.g. antibodies) immobi- 
lized on the sensor surface, the biomolecular recognition element-analyte inter- 
action can be described by the pseudo-first-order kinetic equation: 

— = k„c{l-R)-k^R, (4) 

where R is the relative amount of bound analyte, c is analyte concentration, and 
ka and kd are the association and dissociation kinetic rate constants, respective- 
ly [50]. After integration this equation yields: 



R{t) = 



k„c + k^ 




~{k^c+k^)t 




(5) 



where Rq denotes the initial amount of analyte bound at the time f = 0; [50]. This 
model assumes 1:1 binding and rapid mixing of the analyte from the bulk phase 
to the sensor surface layer and single-step binding. Observed binding, however, 
may deviate from this simple model due to more complex mechanisms of inter- 
action and mass transport limitations [51]. 



3.4 

Detection Formats used in SPR Biosensors 

SPR affinity biosensors have been constructed to detect an analyte in a variety 
of formats. The main detection formats include direct detection, sandwich assay 
and inhibition assay. In general, for macromolecular analytes (molecular weight 
> 10,000), direct detection and sandwich assay formats are used. For smaller 
analytes (molecular weight < 10,000) the inhibition assay format is used. 

Direct detection presents the most straightforward detection format. In this 
format, analyte in a sample interacts with the biomolecular recognition ele- 
ment (antibody) immobilized on the sensor surface. Fig. 15. The binding gen- 
erates refractive index change, which is directly proportional to the concentra- 
tion of analyte. 
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Fig. 15. Direct detection 
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Fig. 16 . Direct detection. Binding between antibody and analyte calculated for four differ- 
ent concentrations of analyte. Assumed rate constants: ka=3xl0^ s'^; /cj^SxlO '^ s'^ 



Figure 16 shows a kinetic model of the interaction between antibody and 
analyte simulated using Eq. 5. As follows from Fig. 16, the binding between the 
target analyte and antibody is fast initially. As the interaction progresses, the 
binding rate gradually decreases and eventually the system reaches a state in 
which the association and dissociation processes are in equilibrium. The time 
required for the interaction to reach equilibrium depends on the concentration 
of analyte and is longer for lower concentrations of analyte. 

Figure 17a shows the dependence of the relative binding at equilibrium on 
the concentration of analyte. At low analyte concentrations, the equilibrium 
binding increases with the analyte concentration in a linear fashion. At higher 
analyte concentrations, the binding sites provided by the biomolecular recogni- 
tion elements are saturated and a further increase in the analyte concentration 
produces a smaller increase in the amount of bound analyte. The initial bind- 
ing rate dRldt{t=0) is directly proportional to the association rate constant and 
analyte concentration (Fig. 17b). Both the amount of analyte bound at equilib- 
rium and the initial binding rate can be used to determine analyte concentra- 
tion. In principle, the measurement of the binding rate is faster and offers a larg- 
er dynamic range than the measurement of the equilibrium binding. 

In the sandwich assay format the SPR sensor surface is functionalized with 
antibodies for a specific analyte. In the first detection step, the sample contain- 
ing analyte is brought into contact with the sensor surface and the analyte mol- 
ecules bind to the antibodies on the sensor surface. 

Then the sensor surface is incubated with a solution containing ‘secondary’ 
antibodies. The secondary antibodies bind to the previously captured analyte, 
producing a further increase in the number of bound biomolecules (Fig. 18). 

Inhibition assay is an example of a competitive assay. In this detection for- 
mat, a sample is initially mixed with respective antibodies, then the mixture is 
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Fig. 17. Direct detection, a) Relative equilibrium binding as a function of analyte concen- 
tration. b) Initial binding rate as a function of analyte concentration. Assumed rate con- 
stants: ka=3xl0^ s'b kd^^xlO "^ s*’ 

brought into contact with the sensor surface derivatized with analyte molecules, 
so that the unoccupied antibodies could bind to the analyte molecules at the 
sensor surface (Fig. 19). 

The amount of bound analyte versus time may be estimated by calculating 
the equilibrium concentration of antibody which did not bind to the analyte 
in the sample and then simulating the interaction between the unbound anti- 
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Fig. 18. Sandwich assay 
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Fig. 19. Inhibition assay 




Fig. 20. Inhibition assay. Binding between antibodies previously incubated with the analyte 
of the concentrations of 0 nM and 1 nM and analyte immobilized to the sensor surface. Rate 
constants: ka=3xl0^ s'b kd=5xl0 '^ s ^ initial antibody concentration: 0.1 nM 

body and the analyte-derivatized surface. Figure 20 shows the kinetics of bind- 
ing between the antibody and the analyte immobilized on the surface, assum- 
ing that antibody in a concentration of 0.1 nM was incubated with sample con- 
taining analyte in a concentration of InM and the system was provided enough 
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time to reach equilibrium. Binding kinetics for analyte-free sample is provided 
for comparison. The amount of bound antibody is inversely proportional to the 
analyte concentration in the sample. 

Figure 21 shows the equilibrium binding and initial binding rate as a func- 
tion of analyte concentration, indicating that both these binding features can be 
unambiguously correlated with the analyte concentration. 




a) Analyte concentration [nM] 




b) Analyte concentration [nM] 



Fig. 21. Inhibition assay, a) Relative equilibrium binding of the antibody as a function of 
analyte concentration, b) Initial binding rate as a function of analyte concentration. Rate 
constants: /Ca=3xl0^ M'^ s'^; kd=SxlO '^ s ^ initial antibody concentration: 0.1 nM 
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4 

SPR Biosensors for Detection of Food Safety-related Analytes 

This Section presents examples of applications of SPR biosensors for detection 
of food safety-related analytes including chemical contaminants, foodborne 
pathogens and toxins. 



4.1 

SPR Biosensor-based Detection of Chemical Contaminants 

Major chemical contaminants implicated in food safety include pesticides, her- 
bicides, mycotoxins and antibiotics [52]. Analytical methods for detection of 
chemical contaminants are required to measure concentrations of these ana- 
lyte down to sub-ng mL"^ or ng mL h As these analytes are rather small (typi- 
cal molecular weight < 1,000), direct binding to a biomolecular recognition ele- 
ment-coated sensor surface produces only a limited sensor response. Therefore, 
for detection of low concentrations of these analytes, inhibition assay is a pre- 
ferred detection format. A characteristic sensor response for inhibition assay is 
illustrated in Fig. 22, which shows a typical sensorgram for detection of atrazine 
using a wavelength-modulated SPR sensor. 

Examples of chemical contaminants detected by SPR biosensors are pre- 
sented in Table 1. Detailed information can be found in the references. Detec- 
tion limits achieved by the SPR biosensors for selected chemical contaminants 
(Table 1) suggest that SPR biosensors utilizing inhibition assays are capable of 
detecting chemical contaminants at practically relevant concentrations. 




Fig. 22. Detection of atrazine using SPR biosensor and inhibition assay. Kinetic sensor 
response to various concentrations of atrazine, antibody concentration - 4 pgmL ’ 
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Table 1 . Food chemical contaminants detected by SPR biosensors 



Analyte 


Sensor configuration and 
detection format 


Matrix 


Lowest detec- 
tion limit 


Reference 


Pesticides, herbicides: 








Atrazine 


BIACORE (prism optic) 
Inhibition assay 


Water 


0.05 ng mL'^ 


[53] 


Simazine 


Integrated optic 
Inhibition assay 


Water 


0.1 ng mL'^ 


[54] 


Mycotoxins: 


Fumonisin B1 


Prism optic 
Direct detection 


Aqueous 

solution 


50 ng mL '^ 


[55] 


Antibiotics: 


Sulphamethazine 


BIACORE (prism optic) 
Inhibition assay 


Milk 


1 ng mL'^ 


[56] 


Sulphamethazine 


BIACORE X (prism optic) 
Inhibition assay 


Milk 


2 ng mL '^ 


[57] 


Sulphadiazine 


BIACORE (prism optic) 
Inhibition assay 


Pig bile 


20 ng mL ‘^ 


[58] 



4.2 

SPR Biosensor-based Detection of Toxins 

Food safety-related toxins include natural toxins (scombrotoxin, saxitoxin, 
etc,) and toxins produced by bacteria {Clostridium botulinumy Staphylococcus 
aureus, Vibrio cholerae, etc.). The most potent bacterial toxins (botulinum tox- 
in) are lethal at levels as low as 100 ng [59], which, assuming consumption of 100 
grams of food yields a lethal concentration of about 1 ng mL h Therefore, ana- 
lytical methods are needed to detect foodborne toxin in sub-ng mL'^ concen- 
trations. Molecular weight of the main bacterial toxins ranges from 28,000 to 
150,000, which makes it possible for most sensitive SPR biosensors to measure 
their concentrations directly down to ng mL'^ levels. Lower detection limits may 
be accomplished using a sandwich assay. 

A typical sensorgram for Staphylococcal enterotoxins B (SEB) using sand- 
wich assay is shown in Fig. 23. Initial binding of SEB to the sensor surface coated 
with respective antibodies is steady and the sensor response reaches about 0.4 
nm in 30 minutes. Upon injection of secondary antibodies, the antibodies bind 
to the captured SEB, generating a 10-fold increase in the sensor response [60]. 
Figure 24 shows the equilibrium sensor response for both the direct capture of 
SEB and amplification by secondary antibodies as a function of SEB concentra- 
tion. Figure 25 shows initial binding rates for both the direct capture of SEB and 
amplification by secondary antibodies as a function of SEB concentration. 

Table 2 lists food toxins which have been detected by SPR biosensors and the 
achieved lowest detection limits. 

As shown in Table 2, most recent publications indicate that SPR-based detec- 
tion of bacterial toxins at practically relevant concentrations is feasible. 
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Fig. 23. Detection of Staphylococcal enterotoxin B using an SPR biosensor and sandwich 
assay. Resonant wavelength as a function of time illustrating direct detection phase (10-40 
min) and amplification phase (50-80 min). SEB concentration - 25 ng secondary anti- 
body concentration 3 pg mL'^; [60] 
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Fig. 24. Detection of Staphylococcal enterotoxin B using an SPR biosensor. Equilibrium 
sensor response for different concentrations of SEB 



4.3 

SPR Biosensor-based Detection of Microbial Pathogens 

Foodborne illnesses can be caused by bacterial pathogens such as Escherichia 
coliy Yersinia enterocoliticay Campylobacter jejuniy Salmonellay Shigella and Liste- 
ria monocytogenes. Infectious doses for these bacterial pathogens range from 10 
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Fig. 25. Detection of Staphylococcal enterotoxin B using an SPR biosensor. Initial binding 
rate for different concentrations of SEB 



Table 2. Food toxins detected by SPR biosensors 



Analyte 


Sensor configuration and 
detection format 


Matrix 


Lowest detec- 
tion limit 


Reference 


Botulinum toxin 


BIACORE X (prism optic) 
Direct detection 


Buffer 


2.5 pg mL'i 


[61] 


E. coli enterotoxin 


TI Spreeta (prism optic) 
Direct detection 


Aqueous 

solution 


6 pg mL'^ 


[62] 


Staphylococcal 
enterotoxin B 


BIACORE 3000 (prism optic) 
Sandwich assay 


Food 


10 ng mL'^ 


[63] 


Staphylococcal 
enterotoxin B 


Prism optic Direct detection 
Sandwich assay 


Aqueous 
s. /milk 


5 ng mL'^ 
0.5 ngmL‘^ 


[60] 


Staphylococcal 
enterotoxin B 


Fiber optic 
Direct detection 


Aqueous 

solution 


4 ng mL'^ 


[64] 



Table 3. Foodborne pathogens detected by SPR biosensors 



Analyte 


Sensor configuration and 
detection format 


Matrix 


Lowest detec- Reference 
tion limit 


Escherichia coli 


BIACORE (prism optic) 
Sandwich assay 


Buffer 


5xl0^cfumL'^ [66] 


Listeria monocy- 
togenes 


Prism optic 
Direct detection 


Buffer 


lO^cfumL'^ [67] 


Salmonella enter- 
itidis 


Prism optic 
Direct detection 


Buffer 


lO^cfumL'^ [67] 
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Time [min] 

Fig. 26. Direct detection of Salmonella enteritidis using an SPR biosensor. Kinetic response 
to injection of Salmonella at the concentration of 10^ cfu mL'^ 



to 10^ cells [65]. Bacterial pathogens are large organisms (- 1 pm). Therefore, 
their presence is usually measured directly with an optional amplification by 
secondary antibodies (sandwich assay). A typical sensorgram for direct detec- 
tion of Salmonella enteritidis is shown in Fig. 26. 

Examples of foodborne bacterial pathogens detected by SPR biosensors are 
presented in Table 3. Detailed information can be found in the references. 

The demonstrated lowest detection limits (Table 3) are not yet satisfactory 
for detection of bacterial pathogens at lowest infectious concentrations. This is 
mainly due to: a) size of a bacterium (the bulk of the bound cell is situated out- 
side the evanescent field of a surface plasmon), b) low concentration of the par- 
ticular antigen (relative to total cellular material), and c) slow diffusion of bac- 
terial cells to the sensor surface [68]. 

5 

Summary 

In the last two decades, surface plasmon resonance (SPR) biosensors have made 
great strides both in terms of instrumentation and applications. A variety of 
SPR sensor platforms ranging from miniature SPR fiber optic probes to high- 
performance laboratory systems have been developed. Numerous biomolecu- 
lar recognition elements have become available, enabling the use of SPR affinity 
biosensors for detection of a large number of chemical and biological analytes. 
Usefulness of SPR biosensor technology has been established in many impor- 
tant fields including food and drug screening, environmental monitoring, med- 
icine, and antiterrorism. 

Detection of analytes implicated in food safety concerns numerous sectors, 
including agriculture, food industry, regulatory authorities, and security organ- 
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izations. SPR biosensors are emerging as an important real-time analytical tool 
holding potential for applications in this area. SPR biosensors have been dem- 
onstrated to be able to detect small and medium size analytes such as food 
chemical contaminant and bacterial toxins at practically relevant concentra- 
tions. Lowest detection limits achieved for large bacterial analytes still need to 
be improved to meet today’s needs for detection of bacterial pathogens. There- 
fore, research leading to improvements in the sensitivity and detection limits 
of SPR biosensors will be important in future. Advances in this area will enable 
detection of lower concentrations of target analytes and also decrease the anal- 
ysis time. Other important research areas will include development of biomo- 
lecular recognition elements and referencing approaches for improving specifi- 
city and robustness of SPR measurements in crude samples. 
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CHAPTERS 



NIR Dyes for Ammonia and HCI Sensors 

Peter Simon, Frank Kvasnik 



1 

Introduction 

Dyes with absorption bands in the near infrared region (NIR dyes) were for a 
long time considered to have only a few practical applications other than as sen- 
sitisers in photographic emulsions. The situation has changed dramatically in 
recent years, with the rapid developments of many fields such as semiconductor 
laser technology, fibre optic communications, printing, data recording, photog- 
raphy, analytical tools for environmental and process monitoring, sensors tech- 
niques and medical diagnostics. This has resulted in research papers, books, 
review articles and chapters in books, all dedicated to the synthesis and appli- 
cations of NIR dyes [1-5]. 

Photometric devices using chemical transducers in the form of solid matrix- 
supported dyes represent a promising class of instruments for gas monitoring 
over a wide range of concentrations. When combined with fibre optic technolo- 
gy, this approach offers the possibility of remote sensing of chemicals. 

Ammonia and hydrogen chloride belong to the most important hazardous 
agents encountered in many areas. Ammonia is widely used in the production of 
explosives, fertilisers and as an industrial coolant. The toxicity of this gas is well 
documented, and acute poisoning can result from inhalation of only small dos- 
es of ammonia vapour. Exposure limits of 25 ppm over an 8 hour period and 35 
ppm over a ten minutes period have been recommended and have recently been 
legislated for [6]. A number of leaks and escapes leading to unwanted exposure 
incidents are reported every year in locations employing industrially sized cool- 
ing systems, such as food production and storage plants. As industry is becom- 
ing increasingly safety conscious, efficient sensor devices for rapid detection of 
ammonia leaks and to monitor personal exposure of workers who might be at 
risk of contact with ammonia are desirable, as rapid evacuation of personnel 
from contaminated areas may be all that is required to prevent serious illness. 

Hydrogen chloride (HCI) is widely used in many branches of chemical tech- 
nology, such as the manufacture of vinyl chloride, fertilizers, artificial silk, dyes; 
it is also used in the electroplating, leather tanning, textile and rubber indus- 
tries. HCI is produced in large quantities during combustion of many materi- 
als, especially materials with high chlorine content. It has sharp irritating odour 
detectable at 0.25 to 10 ppm. Inhalation of hydrogen chloride gas can cause 
severe irritation and injury to the upper respiratory tract and lungs, and expo- 




1 74 Peter Simon, Frank Kvasnik 



sure to high concentrations may cause death. The current exposure limit for HCl 
is 5 ppm over an 8 hour period [7]. 

Attempts have been made to develop photometric sensors in the visible 
region for detecting chemicals in both the gas and the liquid phase [8-21]. How- 
ever, these sensors are not suitable for remote fibre optic sensing since the high 
attenuation of optical fibres in the visible spectral region limits the practical 
length of the fibre optic link. In the NIR spectral region the attenuation of opti- 
cal fibres falls significantly and hence sensing over long fibre optic links is pos- 
sible. Development of sensors in this spectral region can also exploit advanc- 
es in communication and CD technologies. Furthermore, in the 700 nm to 900 
nm spectral region the absorbance of most analytes is minimal and therefore it 
would not interfere with the absorbance of a NIR chromophore in NIR dyes. The 
development of chemical sensors operating in the NIR region was initially ham- 
pered by the lack of suitable dyes. Original studies to demonstrate the feasibility 
of this approach were therefore carried out on dyes that were developed either 
for laser or printing applications [22-24]. 

This chapter deals with NIR dyes that were developed for chemical sensing in 
this spectral region for potential use in remote fibre optic sensors. 

2 

NIR Transducers 

Numerous substances (molecules and ions) do not have suitable optical charac- 
teristics that are easily measurable. Indicators are chemical systems whose elec- 
tronic spectrum changes when they come in a contact with a particular sub- 
stance. Hence, the indicator can act as a chemical transducer for the substanc- 
es that cannot be detected directly by optical techniques. Ideally, the indicator 
should be highly sensitive and a large change in the spectrum should occur for 
small concentration changes of the target substance. Many indicators active in 
the visible spectral region are known and the fundamentals of their structures 
and sensing mechanisms are well established [25], but only a few of them are 
useful for sensing. These indicators can be categorized in many ways, for exam- 
ple, by their optical properties, chemical composition, sensing mechanism or 
applications to optical sensors. 

In contrast, the number of studies dealing with the indicators in the NIR 
region is very limited. It is a matter of course to discover that many commercial 
NIR dyes could be sensitive to chemical agents. Systematic studies of the sensi- 
tivity of various commercial dyes to common chemical agents were carried out 
in the mid-1990s, both in solution and in the silicone rubber matrix [22, 26, 27]. 
Many dyes appeared to be sensitive both to ammonia and acids. However, the 
spectral changes of the dyes were mostly irreversible. Also, it was quite difficult 
to draw any conclusion about the mechanism of the dye-agent interaction since 
the structure of the dyes was mostly unknown. 

The dyes tailor-made as NIR transducers should have an absorption band 
between 750 and 850 nm, they should have a reversible and highly specific spec- 
tral response to the chemical agent, be long-term stable to light, oxygen, and 
temperatures between 0 °C and 100 °C, and they should be compatible with 
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common matrices for immobilisation of indicators [28]. The dyes dealt with in 
this chapter can be roughly divided into two groups according to their response 
to the target chemical: 

- NIR dyes sensitive to ammonia - very often also sensitive to amines. 

- NIR dyes sensitive to hydrogen chloride - very often used as NIR pH indica- 
tors. 



2.1 

Structure and Tests of NIR Ammonia Transducers 



2.1.1 

Metal Complexes 

Metal complexes, mainly copper quinoline complexes, appeared to be very suit- 
able for ammonia sensing. They possess perfect reversibility, long-term stabili- 
ty and they can be very simply incorporated into polymers. The first dye of this 
group, the Cu(II) complex of 5-(Ar-diethylamino-phenylimino)quinolin-8-one 
(dye Dl), was originally synthesised by Kubo et al. [29, 30]. The reaction yield- 
ing D1 is depicted in Scheme 1. 

VIS/NIR solution absorption spectra were recorded using an apparatus based 
on the SI 000 Ocean Optics CCD array spectrometer with spectral response from 
400 nm to 850 nm. Sensitivity of the dyes to ammonia was tested by addition of 
0.2 mL of 2.5 wt-% aqueous solution of ammonia to 10 mL of an ethanol solu- 
tion of the dye. The reversibility was tested by addition of 0.02 mL of 35 wt-% 
HCI to the ammonia-containing sample. 

The spectrum of Dl in ethanol solution is shown in Fig. 1. As it can be seen, 
after addition of ammonia to the ethanol solution of the complex, the absorp- 
tion peak of the complex diminishes and the peak of the free ligand appears. 
The absorption maximum of the free ligand is situated at 618 nm, where- 




CuSO 40 r 

Cu(CI04)2 




Dl 



Scheme 1 
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Fig.1. Test of reversibility of the reaction of the dye D1 with ammonia in ethanol solution 



as that of the complex is found at 738 nm. The molar absorptivity of D1 is 
^max = 144 000 L mok^ cm h 

Hence, the reaction of the complex with ammonia results in evolution of the 
free ligand. Ammonia is a stronger free electron pair donor than the ligand, and, 
consequently, ammonia substitutes the ligand in the ligand sphere of the com- 
plex. Addition of HCl removes free ammonia from the solution and the peak of 
the copper(II) complex recovers, which shows that the reaction of the complex 
with ammonia is reversible in solution. 

Attempts to incorporate D1 into a sol-gel derived silica matrix (based on 
tetraethoxysilane and prepared at pH = 1) were unsuccessful due to the decay 
of the dye in this material. Fig. 2 shows that the absorption spectra of the dye 
incorporated in a fluoropolymer had a broad peak between 550-750 nm for 
the Cu(ll) complex and that the ligand liberated on interaction with ammo- 
nia had an absorption maximum at 605 nm. Interaction of the dye with ammo- 
nia vapours again results in the evolution of the free ligand. After exposure of 
the dye to ammonia, the peak of the free ligand slowly decreases and the peak 
of the Cu(II) complex recovers, which shows that the response of D1 is revers- 
ible to ammonia [30]. This reversibility is apparently due to the fact that the 
Cu(II) complex with ammonia is partly unstable and the equilibrium between 
the complex and ammonia is connected with the existence of a low partial pres- 
sure of ammonia. Diffusion of ammonia out of the polymer is accompanied by 
the recovery of Dl. 

We also synthesised a methyl analogue of Dl, i.e. copper(II) complex of 5- 
(Ar-dimethylaminophenylimino)quinolin-8-one. The procedure for its synthe- 
sis was practically the same as that for the synthesis of Dl. The spectral charac- 
teristics and the reversibility to ammonia in solution were also the same as for 
Dl. However, a remarkable difference in the response times has been observed 
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Fig. 2. Absorption spectra of D1 incorporated in the fluoropolymer before and after expo- 
sure to ammonia 



Table 1. Responses of Dl-type dyes to ammonia at the maximum absorption wavelength 

^max 



Dye 


Dl 


Methyl analogue of Dl 


Tmax 


770 nm 


740 nm 


iT 9 o (100 ppm) 


40 s 


30 s 


TT 9 o (100 ppm) 


150 s 


45 s 


AA(100 ppm) 


0.08 


0.05 


Range 


1-100 ppm 


1-100 ppm 



in solid matrix. D1 and its methyl analogue were immobilized in a thin-film PVC 
matrix coated on a 600-]im optical fibre. Evanescent wave absorption was used 
to interrogate the dye under exposure to 10-100 ppm ammonia in nitrogen car- 
rier gas. The response and recovery times were found to be in the order of sec- 
onds and the reversibility was excellent [31]. The characteristics of the two dyes 
when immobilised in PVC are summarised in Table 1. 

The responses of the sensing coatings depended largely on the humidity of 
the analyte gas. The results presented in Table 1 were taken at 100 % relative 
humidity of the nitrogen carrier gas and a large decrease in the response of the 
coated fibres was seen when dry carrier was employed [31]. From the data of 
Table 1 it can be seen that the response times of the methyl analogue of D1 are 
lower that those of Dl. The dye D1 has an ethyl substituent attached to nitrogen 
so that Dl is obviously more bulky than its methyl analogue. As the dyes inter- 
act with ammonia, they undergo a series of changes of their geometry. The more 
bulky the dye, the more space is needed for the occurrence of geometry changes. 
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Hence, the longer response time of D1 can be accounted for by a stronger inter- 
action of bulkier D1 with the solid matrix. 

Another Cu(II)-quinoline type complex tested as a transducer for ammonia 
was the one with 7-chloro-5-(4’-diethylamino-2’-methylphenylimino)quinolin- 
8-one (dye D2). The synthesis was again carried out as described by Kubo et al. 
[29] accordig to Scheme 2. In ethanol solution, the free ligand shown at the left 
side of Scheme 2 has Amax= 650 nm and Cmax= 23 000 L moT^ cm*h whereas the 
spectral characteristics of D2 are A^ax 740 nm and c^ax = 120 000 L moT^ cm h 
The solution spectra of the original dye D2 and after the addition of ammonia 
are shown in Fig. 3. 

Just like Dl, the dye D2 is also reversibly sensitive to ammonia when incor- 
porated in solid matrix, such as silicone rubber [26]. The sensing mechanism is 




D2 



Scheme 2 




Fig. 3. Absorption spectra of D2 and the ligand liberated by an addition of ammonia in eth- 
anol 
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obviously the same as for D1 and resides in liberation of free ligand when D2 
interacts with ammonia. 

5-(4-Diethylamino-2-methylphenylimino)-5H-pyrido[2,3-a]-phenothi- 
azine is the ligand for the dye D3. The ligand itself has been prepared by 
Kubo et al. [32] from 7-chloro-(4’-diethylamino-2’-methylphenylimino)quinol 
in-8-one and 2-aminothiophenol in ethanol. The spectral characteristics of the 
ligand are A^ax = 640 nm and c^ax = 1 1 000 L moT^ cm h The detailed procedure 
for the synthesis of D3 has been described previously [33] and is summarised in 
Scheme 3. The spectral characteristics of D3 are A^ax = 840 nm and c^ax = 50 000 
L moT^ cm h The solution spectra of D3 in ethanol are shown in Fig. 4. 




Scheme 3 




Fig. 4. Absorption spectra of D3 and the free ligand in ethanol solution 
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Scheme 4 



The complexes of Ni(II) with the ligands involved in the formation of D1 to 
D3 have absorption spectra similar to those described above. Since other metal 
ions such as Co(II) and Fe(II) also form complexes absorbing in the NIR region, 
attempts have been made to use these ligands for the determination of metal 
ions in water solutions [34]. 

The sensing properties of Ni(II) complexes with o-diamino-substituted aro- 
matic rings have been also investigated. The complex of Ni(II) with 1,2-phe- 
nylenediamine (dye D4) was synthesised according to Scheme 4 [35]. 

The absorption maximum of D4 in ethanol solution is at 775 nm. We also 
tested the properties of the Ni(II) complex with 9,10-diaminophenanthrenene 
(dye D5), first synthesised by Balch and Holm [36]; its absorption maximum 
was observed at 1115 nm. Both D4 and D5 dyes were found to be reversible to 
ammonia, both in solution and in solid matrices. 

The nickel-complex based NIR dyes are suitable for ammonia sensing; how- 
ever, their properties are not as good as those of copper complexes. Copper(II) 
complexes have higher molar absorptivities and better solubilities than their 
nickel(II) analogues. The molar absorptivities of the dyes D1-D3 are of the 
order 10^-10^ L moT^ cm'^ and they are well soluble in practically all solvents 
including water. The solubility of D4 and D5 is low in common solvents. Fur- 
thermore, the thermooxidation stability of nickel(II) complexes is lower than 
that of copper(II) complexes. Consequently, it is easier to incorporate the copper 
complexes into a polymer matrix than the nickel complexes and also the copper 
complexes have longer lifetimes. 

The mechanism of ammonia sensing resides in replacing the ligand in the 
coordination sphere of the metal ions by ammonia since ammonia is a strong- 
er free electron pair donor than the ligands are. This implies that the Cu(II) 
and Ni(II) complexes are reversibly sensitive not only to ammonia, but also to 
amines as has been verified by reactions with dimethylcyclohexyamine and tri- 
ethylamine [37]. In contrast, acids destroy the complexes irreversibly by form- 
ing onium salts with the ligands. 

Commercially available dye Cl Acid Green 1 was also tested for its sensitiv- 
ity to ammonia. This dye has a broad peak at 750 nm in ethanol solution. The 
dye can be assigned to the group of metal complexes, since it is a nitroso com- 
plex of Fe(II) [38]. The dye entrapped in fluoropolymer and silicone films has 
been found to have sensing potential for hazardous substances such as ammo- 
nia, hydrogen chloride and acetic acid [39]. 
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2.1.2 

Polymethine Dyes 

l,5-Bis-(dimethylaminophenyl)divinylene carbenium perchlorate (dye D6) was 
first synthesised by Schmidt and Wizinger [40] according to Scheme 5. 

The absorption spectra of the dye D6 in ethanol solution before and after 
exposure to ammonia are shown in Fig. 5. The maximum absorption is at 784 
nm. D6 acts as an acid-base indicator, where the interaction of the dye D6 with 
ammonia results in a decrease of the absorption peak. A similar behaviour has 
been encountered for D6 incorporated in the TEOS silica matrix. However, D6 
in the silica matrix exhibits very long response times on exposure to ammonia, 
typically greater than 10 minutes [30]. 

1 , 1 ,5,5-Tetrakis(dimethylaminophenyl)-2,4-pentadien- 1 -ol perchlorate (dye 
D7) is an analogue of D6. It has been synthesised according to Scheme 6. 




Scheme 5 




Fig. 5. Absorption spectra of the dye D6 in ethanolic solution before and after exposure to 
ammonia 
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Scheme 6 




D8-D11 



Scheme 7 



The synthesis of D7 was carried out by Tuemmler and Wildi [41], where 1,1- 
bis(4-dimethylaminophenyl)ethylene was initially synthesised by the same 
workers [42]. The dye D7 exhibits two absorption peaks at 628 and 800 nm and 
is reversibly sensitive to ammonia. 

Tris(4-dimethylaminophenyl)divinylenes in the form of perchlorates exhibit 
three absorption peaks, and one of these appears in the NIR region. These dyes 
were prepared by condensing 1,1 -bis (4-dimethylaminophenyl) ethylene with an 
appropriate ketone, e.g. 4-(dimethylamino)benzalacetone, l-(4-dimethylami- 
nophenyl)-l-penten-3-one, 4-(dimethylamino)chalcone and 4,4’-bis(dimethyla 
mino)benzalacetone. The synthesis proceeds according to Scheme 7 [43,44]. 

The substituents R, occurring in the dyes, are listed in Table 2. The absorp- 
tion spectrum of the dye D8 is shown in Fig. 6. The dye is reversibly sensitive to 
ammonia, and the acid-base properties of this series of dyes have been studied 
in detail previously [45]. The group of dyes D9-D11 was synthesised with the 
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Table 2. 


Substituents and spectral characteristics of the dyes D8-D11 


Dye 


R 


Tmax [rim] 


D8 


CH3 


627, 690, 804 


D9 


CH3CH2 


578,615,803 


DIO 


phenyl 


639,692, 804 


Dll 


(CH3)2PhCH=CH 


629, 690, 804 




Fig. 6. Absorption spectrum of the dye D8 in ethanol and after its interaction with ammonia 



aim of evaluating the effect of various substituents attached to the same frame- 
work on the molar absorptivity and maximum absorption wavelength. The 
bulkier the substituent, the lower the molar absorptivity. The influence of the 
substituent on the maximum absorption wavelength is small. All compounds 
are well soluble in ethanol and acetone. These dyes are reversibly sensitive to 
ammonia. The spectra of the dyes D8-D11 are very similar and their spectral 
characteristics are listed in Table 2. 

It has been shown that the dyes D9-D11 are sensitive not only to ammonia 
but also to some amines. They may be used as pH indicators in the basic region 
[45], as it can be seen from Fig. 7. The flgure shows that pK^ values of these dyes 
are approximately 12. 

Tetrakis(4-dimethylaminophenyl)hexadienes in the form of diperchlorates 
were synthesised from 1,1 -bis (dimethylaminophenyl) ethylene and an appro- 
priate hydroxy ketone according to Scheme 8 [43,45]. The substituents R occur- 
ring in the dyes are listed in Table 3. 

The dyes D12-D14 have also been synthesised with the aim of evaluating 
the effect of various substituents attached to the same framework on the molar 
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Fig. 7. Absorbance at maximum wavelength as a function of pH for the dyes D9-D11 in 
water-ethanol solution 




Table 3. Substituents and spectral characteristics of the dyes D12-D14 



Dye 


R 


^max [^Ul] 


D12 


CHa 


627,805 


D13 


phenyl 


595,642,802 


D14 


thienyl 


597,628, 803 



absorptivity and peak absorption wavelength. Their maxima of absorption 
were found at 802-805 nm. The dyes are soluble in acetone and ethanol and are 
reversibly sensitive to ammonia. The influence of the substituent on both the 
molar absorptivity and the wavelength of the maximum absorption was found 
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Fig. 8. Absorption spectrum of the dye D14 in ethanol and its reversibility to ammonia 




D15 

Scheme 9 




D16 



D17 



to be negligible. The absorption spectrum of the dye D14 is shown in Fig. 8; the 
spectra of the dyes D12 and D13 are very similar and their spectral characteris- 
tics are listed in Table 3. 

A series of dyes is based on the condensation of 4-(dimethylaminometh- 
ylene)-5-oxo-2-furfurylidenedimethyliminium perchlorate with appropriate 
salts, e.g. l,2,3,3-tetramethyl(3H)indolium iodide, 3-ethyl-2-methylbenzothi- 
azolium iodide and 2-methyl-4,6-diphenylpyrylium perchlorate, according to 
Scheme 9 [46]. 
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Fig. 9. pH dependence of spectra of the dye D15 in water-ethanol solution 



The dyes D15-D17 have the absorption maximum at 720-730 nm. The spec- 
trum of the dye D15 in ethanol and its reversibility to ammonia is shown in 
Fig. 9. The spectral response to ammonia of the dyes D16 and D17 is similar to 
that shown in Fig. 9. The response of the dye D16 is not immediate; with this dye, 
the decrease of absorbance depends on time and the dye-ammonia interaction 
follows first-order kinetics [46]. Nevertheless, the original absorption spectrum 
of the dye can be recovered by adding FICl. 

Tests of the dye D15 suggest that it is a very promising ammonia transducer. 
The dye exhibits perfect reversibility and short response time. Unfortunately, its 
photolability has been observed in several cases. 

The dyes D15-D17 can be used also as pH indicators in the basic region. 
Fig. 10 shows the dependence of their spectra on pH in water-ethanol solutions 
(1:1 v/v). It can be seen that pK^ values of these dyes are between 8.8-10.5. The 
interaction with buffers suggests that ammonia is not the only agent capable of 
affecting the long wavelength peak in the spectra. The response of the dye D16 is 
time-dependent also in non-ammonia solutions. Some amines, such as triethyl- 
amine and dimethylcyclohexylamine, also interact with the dyes, as is demon- 
strated in Fig. 11 for the dye D15 [46]. 

The mechanism of the interaction of the dyes with ammonia is proposed in 
Scheme 10 for the dyes D15-D17 [46]. The lone electron pair of ammonia is 
probably attracted by the positive charge delocalised over the rr-electron sys- 
tem of the dye. Formation of the bond between ammonia and the carbon skel- 
eton breaks the conjugation and this is manifested by the decrease of the peak 
at maximum wavelength. This mechanism accounts for the fact that also other 
electron donors, such as OH' ion or amines, would interact with the dyes. All the 
dyes D6-D19 have a positive charge delocalised over the n-electron system. For 
all these dyes, the absorption peak decreases on interaction with ammonia. The 
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4 ft « 10 12 



pH 

Fig. 10. Absorbance at maximum wavelength as a function of pH for the dyes D15-D17 in 
water-ethanol solution 




5(K> ftOO 7(K) my 9{)l) 

Wavelength [nml 

Fig. 11. Sensitivity of the dye D15 to triethylamine (TEA) and dimethyl-cyclohexylamine 
(DMCA). Volume of the dye solution was 3 mL 

mechanism of the interaction suggested in Scheme 10 is likely to take place in 
the case of all these dyes. 

Another series of dyes D18-D20 was prepared by condensing 4-(dimethyl- 
aminomethylene)-5-oxo-2-furfurylidenedimethyliminium perchlorate with an 
appropriate salt, e.g. 1,4-dimethylpyridinium iodide, l-ethyl-4-methyl-quino- 
linium iodide and l-ethyl-2-methylquinolinium iodide. Generally, the conden- 
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Fig. 12. Solution spectra of the dye D19 in the presence of ammonia and reversibility by 
addition of HCI 



sation reaction was carried out under the same conditions as in the case of the 
dyes D15-D17; however, in this case the reaction afforded only monocondensa- 
tion products [47,48] according to Scheme 11. 

The sensitivity of the representative of this group, e.g., the dye D19, to ammo- 
nia is shown in Fig. 12. As it can be seen, multiple addition of ammonia led to 
an increase in the absorbance. Addition of HCI removes free ammonia from 
the solution and the peak of D19 recovers which shows that the reaction with 
ammonia is fully reversible in solution. 

The original dyes D18-D20 exhibit absorption maxima at 492, 556 and 520 
nm, respectively. Under the influence of ammonia, peaks arise at 580, 660 and 
620 nm [48]. The edge of the peak for the dye D19 lies in the near infrared region. 
According to our experience, the absorption maxima of dyes in solid matrix are 
shifted towards higher values when compared to the spectra measured in solu- 
tion. Thus, it can be reasonably expected that the peak arising from the exposure 
to ammonia will have a maximum at over 700 nm if the dye D19 is incorporated 
in a solid matrix. In contrast to the dyes D1-D17, after the exposure to ammonia 
the dyes D18-D20 exhibit a shift of the absorption peak towards higher wave- 
lengths. The mechanism of this shift is not fully clear. It may be a formation of 
highly polar chromophores, as has been suggested by Szablewski et al. [49], or a 
formation of a charge-transfer type complex. 

From other groups of dyes, 3,3-bis[ l,l-bis(dimethylaminophenyl)ethylene-2- 
yl]-substituted phthalides synthesised according to Dai and Peng [50] have been 
tested. This group of dyes has an absorption peak at about 805 nm; however, 
they exhibit only partial reversibility to ammonia in solution [37]. Squarilium 
dyes SQ2 and SQ4 have their maximum absorption slightly above 800 nm, their 
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molar absorptivities are high and they are well soluble in chloroform and ace- 
tone, and soluble in ethanol. SQ2 dissolved in ethanol is not sensitive to ammo- 
nia, but it is sensitive when dissolved in acetone. The selectivity is thus solvent- 
dependent. The reaction with ammonia in acetone is not reversible so that these 
dyes appeared to be unstable in solution under the influence of ammonia [37]. 



2.2 

Structure and Tests of NIR pH Transducers 

In the previous section it has been shown that only very limited information on 
the sensitivity and reversibility of NIR dyes to ammonia is available in the litera- 
ture. In contrast to this, papers dealing with the synthesis of acid-base indicators 
absorbing in the NIR region have been published over the past ten years. 

Boyer et al. [51] derivatized near-infrared dyes with appropriate function- 
al groups for use as analytical probes. They evaluated the sensitivity to pH of a 
bis -carboxylic acid derivative of a near infrared dye to illustrate its potential as 
a probe for determining pH. The dye had an absorption maximum at 795 nm in 
aqueous solution. 

Patonay et al. [52] evaluated an aminodienone dye demonstrating pH 
dependent absorption and fluorescence spectra as well as solvent polarity 
dependence. The absorption maximum was at 535 nm in neutral or alkaline 
solutions in methanol. The absorption spectra underwent a strong bathochro- 
mic shift in the presence of acids (Amax = 709 nm) with a concomitant change 
in the fluorescence spectra. Mason et al. [53] synthesised and tested the stable 
bis(aminodien)one system with Amax = 648 nm in methanol. The dye underwent 
protonation at the oxygen atom to give a cyanine chromophore with A^ax = 932 
nm. The transition was fully reversible and depended solely on pH conditions. 

Casay et al. [54] developed a near-infrared fibre optic probe for the deter- 
mination of caustic soda using a non-commercially available tetrasubstituted 
chloroaluminum naphthalocyanine NIR dye, susceptible to pH changes in solu- 
tions. The maximum wavelength of the dyes was above 700 nm. The probe con- 
sisted of a semiconductor laser diode (Amax = 780 nm), a NIR dye and a detector. 
The probe, made of poly(methyl methacrylate), served as a support for a per- 
meable polymer that was used for the entrapment of the NIR dye. The permea- 
ble polymers used were Nafion and Gelatin. As hydrogen ions diffused through 
the permeable polymer, a complex was formed with the dye, accompanied by 
changes in its spectral characteristics. The probe showed good reproducibility. 

Lindauer et al. [55] synthesized two new acidochromic styrylcyanines and 
one new benzopyrylotrimethinium dye. Their VIS and NIR absorption spec- 
tra were recorded as a function of pH in fluid solution and embedded in poly- 
mer layers. The layers proved to be useful as pH sensors. They also synthesized 
[56] a series of new acidochromic 9-(4-dialkylaminostyryl)-acridines. The col- 
our change in the presence of perchloric acid and the piCa was investigated and 
their photosensitizing ability was tested by oxygen consumption measurements. 
In a further paper [57], they reported the synthesis of a series of new acidochro- 
mic dyes absorbing in the NIR spectral region (up to 900 nm) with a system- 
atic variation of the underlying nonsymmetric pyrylium trimethinium acrid- 
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ine structure. The dyes exhibited piCa values between 5.7 and 6.7. Semiempiri- 
cal MO-calculations were performed to elucidate the essential characteristics of 
the chromophores. 

Lehmann et al. [58] presented an absorption-based, fibre optic pH meter for 
the physiological pH range. It employed a sensor membrane based on NIR pro- 
ton-carrier dye and laser diodes as light sources. It was shown that an opti- 
cal absorption sensor with a sensing dye placed on the tip of a bifurcated fibre 
required special provisions to receive sufficient light back from the sensor head 
to the detector. In view of the availability of cheap and intensive light sources in 
the NIR, it was advantageous to use NIR dyes for chemical sensor membranes. 
A new type of acidochromic dye immobilized in a PVC matrix was present- 
ed for use with a two-wavelength, single-beam fibre optic photometer. Values 
of pH measured with the fibre optic pH meter were compared with the results 
obtained with a glass electrode. 

Czerney and Grummt [59] synthesized a series of new near-infrared-absorb- 
ing non-symmetric and symmetric trimethinecyanine dyes containing a 7- 
dialkylamino-l-benzopyrylium end group. The dyes were shown to be use- 
ful as pH sensor dyes. They also synthesised [60] acidochromic nonsymmet- 
ric pyrylotrimethines NIR dyes, tested their absorption behaviour and showed 
that they are suitable to be employed as sensor dyes in pH sensing. They also 
presented new stable acidochromic near-infrared absorbing dyes useful for 
the design of optodes [61]. The dyes belonged to the classes of 2-(4-hydroxy- 
phenyl)-l-benzopyrylium salts, 9-[3-(pyranylidene)propenyl]-7-diethylami- 
no-l-benzopyrylium salts, 9-[3-(thiopyranylidene)- and 9-[3-(l-benzopyran- 
ylidene)-propenyl]acridinium salts, and 9-(4-diallylaminostyryl)acridinium 
salts. Absorption maxima of the long-wavelength absorbing forms spanned the 
region from 600 to 900 nm. 

Miltsov et al. [62] presented a one step synthesis of new acidochromic indole- 
nine-based cyanine dyes. The dyes had absorbance maxima at 780-805 nm and 
exhibited spectral changes in pH range from 6 to 2. They also suggested a new 
one-step synthesis of keto cyanine dyes [63]. The dyes obtained exhibited spec- 
tral changes in pH range from 1.7 to 4.3 and their protonated forms absorbed at 
715-750 nm. They described the use of ketocyanine dyes [64] as indicators that 
can operate in bulk optode membranes as the chemically active region was near 
780 mm. Their spectral characteristics, acid-base properties, chemical stabili- 
ty, and solubility in the membrane phase were discussed. The response charac- 
teristics were first tested in a conventional absorbance/transmittance flow cell. 
The dyes offered a wide range of pica’s in PVC membranes, good sensitivity as 
a result of their high molar absorptivities, excellent solubility in the plasticizer, 
and short response times. They presented good chemical stability under com- 
mon laboratory conditions when stored in the dark, and the absence of leach- 
ing guaranteed a long lifetime. Membranes were finally applied as the sensing 
region of an integrated waveguide optode, demonstrating the extraordinary 
sensitivity improvement while preserving the remaining analytical features. 
Response times lower than 2 min were obtained. 

A series of dyes has been synthesised by condensing 4-(dimethyl-ami- 
nomethylene)-5-oxo-2-furfurylidenedimethyliminium perchlorate with an 
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Scheme 12 




Fig. 13. Solution spectra of the dye D21 in the presence of HCl and reversibility by addi- 
tion of ammonia 



appropriate salt, e.g. 1,4-dimethylpyridinium iodide, l-ethyl-4-methylquino- 
linium iodide, and 1- ethyl-2 -methylquinolinium iodide in ethanol under reflux 
with the addition of sodium ethoxide as a catalyst [48]. The procedure is shown 
in Scheme 12. 

The spectral responses of the dyes D21-D23 are very similar and all have 
their absorption maxima in the near infrared region. Fig. 13 shows the spectra 
of D21 and its sensitivity to HCl. After addition of HCl to an ethanol solution of 
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the dye, an immediate decrease of peak intensity is observed. The peak recovers 
after addition of ammonia to the solution. The series of dyes D21-D23 can thus 
be used as NIR pH indicators in acidic pH range. 

3 

Quantum-chemical Calculations and General Rules 

Absorption of light by a NIR dye brings about a transition of an electron from 
its ground state to the excited state, thus producing electronic spectra. Since the 
light absorption depends on the electronic structure of the molecule, the quan- 
tum-chemical calculations represent a basic method for deeper insight into 
the relation between the dye structure and its spectral properties. The excita- 
tion energy can be evaluated as the difference in energy of the highest occupied 
(HOMO) and lowest unoccupied (LUMO) molecular orbital [65]. 

The first method, using molecular orbitals expressed as a combination of 
atomic orbitals, was the Hiickel molecular orbital (HMO) method. Approaches 
to the design and synthesis of NIR absorbing dyes have been concisely reviewed 
in the literature [5]. A book on infrared absorbing dyes edited by Matsuoka [1] 
contains a chapter on the design of such colorants using the Pople-Parr-Paris- 
er molecular orbital (PPP MO) method. A review of software based on a modi- 
fied PPP MO method was subsequently published [66] . Although HMO and PPP 
MO methods take into account only n^n transitions, primarily the PPP MO 
method appeared to be suitable for the strategic design of chromophoric sys- 
tems [1]. 

The above-mentioned n^n transitions are, however, also affected by a- 
electron distribution. This is taken into account in the semi-empirical all 
valence electron methods. We have used the standard semi-empirical AMI 
(Austin Model) method of quantum chemistry (AMPAC program package) [67, 
68] in order to find the optimal geometries and to calculate the corresponding 
electronic structures as well as electronic spectra. As this method is not espe- 
cially parameterised to produce exact electron spectra, a series of similar com- 
pounds was investigated in order to obtain correct trends in peak positions. All 
calculations were performed in higher precision using the Davidon-Fletcher- 
Powell optimisation procedure [69, 70]. The electronic structure characteris- 
tics were evaluated in terms of charges of individual atoms and bond indices of 
individual bonds [71]. The systems were characterised by arithmetic mean val- 
ues and root mean square deviations of the bond distances, atomic charges and 
bond indices over the carbon skeleton of individual chromophores. The per- 
turbations of the planar rr-bond framework were described by the deviations 
from planarity (dihedral angles). From the results obtained some general rules 
can be deduced. 

From the calculations for tris(4-dimethylaminophenyl)divinylenes (dyes 
D8-D11) it follows that the calculated Amax values exhibit a systematic shift 
towards lower wavelengths in comparison with experimental data [44]. This 
may be explained by neglecting all external interactions in isolated model sys- 
tems as the higher energy difference between the ground and excited electron- 
ic state of the compound in real solutions is due to their different electrostat- 
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ic interactions with solvent molecules. Chromophore planarity plays the key 
role. The (dimethylamino)phenyl rings bonded to the same carbon atom can- 
not be co-planar with the pentamethine chain and their perpendicularity caus- 
es the decrease of Amax- On the other hand, the perpendicularity of the single 
(dimethylamino)phenyl ring increases A^ax- All these deformations cause signif- 
icant changes in the electronic structure of individual chromophores. The high- 
est Amax values are obtained for the highest similarity of all statistical param- 
eters of the benzene rings with the aliphatic divinylene chains and extended 
divinylene chains including additional chain-to-phenyl bonds. This similari- 
ty condition seems to be more important than the maximal planarity condi- 
tion. The small changes of A^ax with different R substituents may be explained 
by the small changes in the electronic structure of the (dimethylamino)phenyl 
chromophores (despite significant changes of the divinylene chain system). 
From this point of view, the use of substituents with higher electron donor or 
acceptor character might not lead to a A^ax increase. A systematic shift of Amax to 
higher wavelengths with an increase of positive charge could be used to mimic 
some solvent effects (such as polarisation due to the solvent permittivity) in real 
systems. The protonation removes the chromophore planarity and brings about 
a decrease of Amax in accordance with experimental data. 

The results of calculations for tetrakis(4-dimethylaminophenyl)hexadienes 
(dyes D12-D14) [45] are quite similar to those for the dyes D8-D11. Also, a sys- 
tematic shift towards shorter wavelengths compared to the experimental data is 
observed, which can be explained by the neglect of all external interactions in 
the isolated model systems. The mean atomic charges indicate a relatively uni- 
form distribution of the additional charges among individual chromophores. 
Small changes of Amax with variation in R substituents can be explained by small 
changes in the electronic structure of (dimethylamino)phenyl chromophores, 
and substituents with higher electron donor or acceptor character may not lead 
to a significant Amax increase. 

The influence of the central chromophore ring on the spectra of NIR polyme- 
thine dyes has been studied recently [72]. The trends in spectral data of two 
series of dyes containing either two benzothiazole or four dimethylaminophe- 
nyl side chromophores connected by a 7-membered aliphatic chain in the cen- 
tral chromophore implemented by cyclohexene, furanone or cyclopentene ring 
were compared. In both series, the effect of the central chromophore ring vari- 
ation on the maximum wavelength Amax was studied using the statistical treat- 
ment of the chromophores data obtained by quantum-chemical calculations. 
The significance of the factors influencing Amax is arranged in the following 
order: the chromophore planarity, mutual angles of individual chromophore 
planes, the similarity of individual chromophores in the dye and substituents 
on individual chromophores. The importance of maximal similarity of bond 
lengths, atomic charges and bond indices between the central and side chromo- 
phores (including inter-chromophore bonds) has been also confirmed in agree- 
ment with previous publications [44, 45]. 

From the quantum-chemical calculations for the dyes D18-D23 it follows 
that the dyes exhibit a very intense single peak at Amax [48]. Deviations from 
planarity bring about a decrease of Amax due to weaker mutual n-interactions 
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of chromophores. Furane rings in D18 and D21 dyes are coplanar with pyridine 
ones in contrast to their non-planarity with quinoline rings, especially in D19 
(deviation of 16°), D20 (deviation of 28°) and D23 (deviations of 12° and 20°). 
The polar solvent influences the dyes’ non-planarity in real solutions and this 
might be the origin of the different trends in measured and calculated peaks of 
absorption spectra. 

The quantum-chemistry studies are useful in gaining a detailed understand- 
ing of the modifications in geometry as well as electronic structure that are 
induced by chemical modifications of the dyes. The calculations are related to 
isolated systems and, consequently, the calculated and experimental values may 
differ due to interactions with the matrix. This difference can be up to 100 nm 
or even more. Nonetheless, the calculations can be very helpful when one thinks 
of varying substituents on a chromophore chain. In such a case, the calculations 
can reliably predict trends in A^ax changes. 

4 

Influence of Matrix Quality on the Band Shape and Maximum Wavelength 

The shape of the absorption peak and the position of its maximum depends 
much on the matrix quality. In solution, the maximum wavelength of the cati- 
onic dyes D6-D23 depends on the relative permeability of the solvent. For the 
metal-complex dyes D 1 -D5, the solvent may enter the ligand sphere of the metal 
ion and the solution of the dye cannot be prepared. For example, the solution 
of the dye D1 in dimethyl formamide exhibits a peak of the free ligand, not the 
peak of the dye D1 [26]. 

From the point of view of using a dye as a sensing material, its immobiliza- 
tion in solid matrices is of key importance. According to our experience, after 
immobilizing the dye in a solid matrix, the absorption peak becomes broad- 
er and the maximum wavelength is shifted towards higher values. As shown in 
Table 4, this is true not only for the NIR dyes but also for “standard” indicators 
in the visible region. 

As seen from Table 4, the maximum wavelength of the NIR dyes increases by 
more than 100 nm when immobilised in the silicon rubber. The reason for the 
broadening and shift to higher wavelengths in the solid matrix obviously lies in 
the interaction between the matrix and the dye. In the previous paragraph it has 



Table 4. Maximum wavelength of selected indicators and NIR dyes in ethanol solutions and 
immobilized in silicon rubber [26] 



Dye 


Amax(ethanol) [nm] 


Amax(silicon rubber) [nm] 


Thymol blue 


440 


600 


Fluorescein 


450 


460 


D1 


738 


850 


D2 


740 


790 


D6 


780 


890 
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been calculated by quantum -chemical methods that deviations from planari- 
ty often take place. The calculations are carried out for the conditions of isolat- 
ed molecules which is a model quite close to solution. Due to the van der Waals 
intermolecular interactions, deviations from planarity may decrease in sol- 
id matrix, so that it can be reasonably expected that the maximum absorption 
wavelength of the dyes will be much higher in solid matrix than in solution. It 
is very likely that the distribution of the strength of the solid matrix-dye inter- 
actions is much broader than of the solvent-dye interaction. Consequently, the 
solid matrix-dye interaction also brings about the broadening of the absorp- 
tion bands. 

The response time of sensors on exposure to gases and their reversal will be 
determined by the thickness of the film in which the dye is immobilized, and on 
the permeability of the film for the target chemical [73]. As demonstrated pre- 
viously, for example [31], the magnitude of the sensor response depends very 
often on the relative humidity. 

5 

Fibre-optic Distributed Sensors 

Distributed fibre optic chemical sensing systems can be constructed by permit- 
ting target chemicals to permeate into the cladding of optical fibres and to inter- 
act with the evanescent field close to the core-cladding interface. In principle, 
the presence of target chemical can be determined from the attenuation char- 
acteristics of the optical fibre. In practice this approach is not very useful since 
it requires light sources that are matched to the absorption features of the tar- 
get chemicals and this requirement can only be satisfied for a very small group 
of chemicals of interest. A more promising approach is to make use of chemical 
reagents that change their spectral features when exposed to target chemicals. 
Thus by incorporating such material into the cladding of optical fibres it is pos- 
sible to produce distributed fibre optic chemical sensor. The interaction regions 
can be pinpointed using optical time domain reflectometry technique. 

There are three possible ways of implementing a distributed sensing system 
with optical fibres [74]: (i) the multi-branch system where a number of single- 
point fibre optic sensors are connected to a common optical fibre via fibre optic 
couplers; (ii) the discrete serial system where the fibre optic sensing sections are 
joined in-line via a common fibre optic link; (iii) the continuous system which 
exhibits lowest light losses and thus would give the maximum number of sens- 
ing locations over the greatest length of optical fibre. The latter configuration is 
best suited for the detection and location of chemical leaks. 

Only a few fibre optic distributed sensing systems have been reported in the 
literature. One system uses D-shaped single-mode optical fibre that had thinned 
cladding for direct detection of methane by direct absorption of the evanescent 
field [75]. Another system uses a 600-pm core diameter multimode fibre clad- 
ded with a polymer containing a visible chemical indicator to detect the pres- 
ence of water [76]. Both these publications reported the measurement of small 
attenuation of the light due to exposure of the whole fibre to the target chemical 
and both techniques required light sources that are incompatible with current 
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OTDR instrumentation. Another system exploited swelling of polymer clad- 
dings of commercial fibres by pure liquid hydrocarbons to demonstrate dis- 
tributed sensing under laboratory conditions [76], but operation under realistic 
industrial conditions has yet to be achieved. 

At present, the continuous system offers the fastest route to the commer- 
cial distributed fibre optic sensing system. In such a system the sensing optical 
fibre would be plastic-clad silica fibre which has a porous cladding that contains 
a chemical indicator whose spectral characteristics are sensitive to a particu- 
lar target chemical or group of chemicals. The operation of this sensing sys- 
tem has to be restricted to the near infrared spectral region where the light loss- 
es in optical fibres are minimum. The requirement to operate in the near infra- 
red spectral region means that new chemical indicators must be developed and 
combined with cladding materials to yield sensing optical fibres. This is because 
the research into chemical sensing with optical fibres has to date been focused 
at the development of primarily point sensors that are based on visible chemi- 
cal indicators that cannot be used for the construction of economical distribut- 
ed fibre optic sensing systems. 

There is a large range of polymeric materials that could be used for cladding 
purposes. Although many of these are well known, highly stable and produced 
in large quantities for other purposes, very little research has been carried out 
into their use as porous support matrices that can accommodate optical chem- 
ical indicators and still function as claddings for optical fibres. The situation 
with near infrared chemical indicators is much more complex. There is a large 
body of knowledge on near infrared absorbing materials developed for vari- 
ous applications, such as, for example, compact disc media and printers [77]. 
However, these near infrared absorbers have never been used in chemical sen- 
sors, and many of the materials have been synthesised specifically to be stable 
in adverse environments. Furthermore, new indicators must be compatible with 
the optical fibre manufacturing technologies to permit their incorporation into 
the cladding of the sensing fibres. 

The performances of many of these new near infrared indicators are yet 
to be fully established and there is some doubt about their long-term stabili- 
ty. However, results from one COPERNICUS project indicated that fully-revers- 
ible response of a sensing fibre to ammonia is achievable over a period of sev- 
eral months [28]. 

In the field of distributed fibre optic chemical sensing the research efforts are 
likely to be focused on the development of sensing fibres based on plastic-clad 
silica structures. New chemical indicators for the near infrared will be required 
as well as cladding materials and methodologies for incorporating new chemi- 
cal indicators into claddings. Also methodologies for the production of optical 
fibres with such claddings and designs of new cable structures to accommodate 
sensing fibres will be needed. The developments in chemical sensing fibres will 
need to be accompanied by developments in instrumentation and data process- 
ing systems that need to be optimised for the new sensing applications to pro- 
vide the users with useful information. The first systems are likely to be target- 
ed at leak detection where the concentration of the target chemical is relatively 
high. It is expected that, as the technology of these systems matures, more sen- 
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sitive systems will become available for general monitoring of industrial pol- 
lutants. 

The NIR chemical transducers for the continuous configuration of distribut- 
ed fibre-optic sensors have to possess another property. Not only do they have 
to absorb in NIR region and to change reversibly their optical properties after 
interacting with the target chemical, but, in addition, the absorption peak in the 
NIR region should only appear after exposure to the target chemical. In that 
case the attenuation of the optical fibre prior to exposure to the target chemi- 
cal would be minimal. This is a very restrictive requirements and the number of 
indicators satisfying this latest condition is severely limited. 

For the detection of ammonia, the dyes D18-D20 exhibit an absorption peak 
around 650 nm after the exposure. These dyes are reversibly sensitive to ammo- 
nia in ethanol solutions and are promising for the construction of distributed 
ammonia sensors since the peak appears under the influence of ammonia. As a 
chemical transducer, the most promising seems to be the dye D19 since in the 
solid matrix this peak is expected to shift further into the NIR spectra region. 
Also the acid-base NIR indicators such as D21-D23 with absorption maxima in 
the near infrared region could be considered for use as chemical transducers for 
ammonia. These dyes themselves are not sensitive to ammonia; however, they 
are reversibly sensitive to hydrogen chloride. After addition of HCl to the etha- 
nol solution of the dye, an immediate decrease of the peak intensity is observed. 
The peak recovers after addition of ammonia to the solution. Hence these dyes 
could be used for distributed ammonia sensors provided that the cladding con- 
taining the dye could be made to provide an acidic environment. In that case, 
these dyes would not absorb light in the NIR region in the absence of ammo- 
nia. The absorption peaks would only appear on the interaction of the cladding 
with ammonia. For the sensing of HCl, the acid-base indicators such as D8-D14 
could be used provided that the cladding containing the dye could be made to 
provide a basic environment. Also, the dye presented by Mason et al. [53] could 
be suitable for fibre optic distributed sensors. In all cases, the interaction dye- 
target agent should be reversible and the response should be fast. 

6 

Conclusions 

In this chapter, more than twenty NIR dyes, suitable for use as chemical trans- 
ducers for ammonia and HCl, have been presented. The dyes belong to two basic 
groups. Also, the sensing mechanisms are suggested. Although many other dyes 
have been synthesised and tested [37], this chapter has concentrated only on the 
dyes that are suitable for ammonia, acid and pH sensing. 

Distributed fibre optic chemical sensors are expected to play a great role in 
safety systems of the future. However, the route to their development will be 
long and difficult since they may need very special transducers. The develop- 
ment of these transducers represents a highly interdisciplinary problem and it 
is a challenge for future. 
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Piezo-Optical Dosimeters for Occupational and 
Environmental Monitoring 

Kelly R. Bearman, David C. Blackmore, Timothy J.N. Carter, 
Florence Colin, Steven A. Ross, John D. Wright 



1 

Introduction 

Occupational and environmental monitoring, driven by growing awareness of 
health hazards and increasingly stringent national and international stand- 
ards, is becoming focussed on the need for data relating to ever smaller geo- 
graphical regions, and particularly for personal exposure data. Such personal 
data are not only the best way to demonstrate compliance with regulations, but 
also provide the basis for individual exposure/health correlations upon which 
improved standards can be securely based. The requirements for measurement 
systems to be used in such local and personal monitoring on a large scale are 
demanding. They include low cost, small size, reliability, ease of use (prefer- 
ably by unskilled operators) and the ability to record time-weighted-average 
exposures over short (e.g. 15 min) and long (e.g. 8 h) periods. Ideally the sys- 
tem should use similar monitoring devices, measured using the same gener- 
ic low-cost equipment, for a wide range of analytes. Preferably the monitoring 
device should be capable of measuring exposures to several analytes simulta- 
neously, and the measurement system should include data logging to guaran- 
tee proper exposure records. Until recently very few, if any, systems could satis- 
fy these requirements. 

Environmental monitoring is now conducted regularly on a large scale using 
fixed monitoring stations incorporating standard instrumentation such as 
chemiluminescent analysers for nitrogen dioxide and ultraviolet spectropho- 
tometric analysers for ozone. For example, both the UK and France have net- 
works of these stations, whose data are widely available on the internet [1, 2]. 
Although these are reliable, accurate and economical over their working life- 
time, they cannot provide personal monitoring data and they require substan- 
tial initial capital investment in instruments that are dedicated to monitoring a 
single analyte. Similarly, although occupational monitoring requirements that 
are generic to particular industries have been tackled by the use of multi-point 
sampling networks feeding into central analytical instrumentation facilities, 
these are complex and expensive to install and run. One example was the joint 
development by several major polymer manufacturers of systems based on gas 
chromatography and infra-red spectrophotometry coupled with pumped sam- 
pling networks to monitor vinyl chloride [3]. Diffusive sampling tubes, in which 
many different air pollutants are absorbed on a range of materials and subse- 
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quently analysed by thermal desorption or solvent extraction followed by chro- 
matographic separation with spectroscopic or mass spectrometric quantifica- 
tion, have also been extensively used. These provide time-weighted-average data 
for direct comparison with occupational or environmental standards. They are 
also small enough to be used for personal exposure monitoring and, with care, 
can be used to measure several pollutants simultaneously. However, the analyt- 
ical instrumentation required is expensive and demands skilled operators, and 
the total cost of the tubes themselves can be substantial in large-scale surveys. 
Diffusive sampling rates for a given sampler tube can be influenced by temper- 
ature, nature and concentration of pollutant, and several other variables such 
as humidity and face velocity and direction of sampled air. Comparative diffu- 
sive sampling rates for similar materials (e.g. benzene, toluene and xylene) have 
been measured in different laboratories and shown to have a standard deviation 
from the mean value of about 10% [4]. Uncontrolled environmental variables 
mean that overall accuracy in real environments will be worse than this figure. 
Nevertheless, given the difficulties of establishing exposure standards (e.g. var- 
iations in individual sensitivities, and absence of comprehensive exposure data 
to all the pollutants that may be present together in any individual’s environ- 
ment), diffusive sampling is commonly accepted as a valid technique for indi- 
cating compliance or otherwise with exposure standards. This chapter reviews 
10 years of development of the novel PiezOptic dosimeter system, which is now 
able to fulfil all of the above requirements. 

The system consists of a badge that may be used for many different analytes, 
and a reader unit that can be programmed to work for any combination of ana- 
lyte badges. The badge is shown in Figs. 1 and 2. Five spots of colorimetric rea- 
gent are deposited on a polyvinylidene fluoride (PVDF) piezoelectric film coat- 
ed with a thin optically-transparent conductive layer of indium-tin oxide. The 
PVDF film is a laminate of two oppositely-poled PVDF layers. This eliminates 
effects of stress, acoustic interference and local temperature gradients. The film 
is supported on both sides by sponge pads in which holes have been die-cut in 
order to allow both analyte and light to reach the spots. The two sides of the film 
are contacted at one end by conductive sponge pads. 




Fig.1. Schematic diagram of the badge 
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Fig. 2. The badge 



All these components are tightly held inside a polymer casing that gives pro- 
tection to the reactive spots, allows vapours access to the spots (through a dif- 
fusion filter if appropriate), fits inside a slot in the reader and offers apertures 
for illuminating the spots. The five spots may all be the same, permitting multi- 
ple analyses of the same analyte, or they may be different, permitting analysis of 
several analytes or the inclusion of compensation for interfering substances or 
for the effects of variations of temperature and humidity. 

The operating principle is as follows. When the reagent spot is exposed to 
the target analyte, a colour change occurs. The quantity of reagent converted to 
the new colour is directly proportional to the integrated dose (integral of con- 
centration V. time curve over the standard exposure time) of the target ana- 
lyte received by the spot. When the exposed spot is illuminated using a light 
emitting diode (LED) that emits in the wavelength range of the colour change, 
heat is produced in the spot by non-radiative decay of the excited states. The 
total heat thus produced is directly proportional to the quantity of reagent that 
has been converted to the new colour, and hence to the analyte dose. This heat 
expands the spot, stressing the underlying PVDF and thus creating a piezoelec- 
tric charge. The charge is collected by the conductive pads and measured by the 
reader electronics. This principle is essentially a form of photoacoustic spec- 
troscopy. The signal that is measured by the reader depends on many variables. 
These include LED intensity, optical extinction coefficient of the new coloured 
form of the reagent in the LED output wavelength region, thickness and illumi- 
nated area of reagent spot, spatial distribution of coloured form of the reagent 
within the spot thickness, heat transfer characteristics of the reagent spot, ther- 
mal expansion coefficient of the relevant materials, piezoelectric coefficient of 
the PVDF strip, and amplifier gain. It is impractical to model all these variables 
to produce a theoretical response equation. Instead, the operating conditions 
are controlled to ensure that their values are constant (or, in the case of LED 
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Fig. 3. The PiezOptic Reader Unit 

intensity and amplifier gain, compensated by use of a reference as described 
below). (Some more detailed aspects of this transduction process are consid- 
ered later in Section 12.) 

The PiezOptic reader, shown in Fig. 3, is designed specifically to analyse Piez- 
Optic badges. The badge is inserted into the front aperture and the reagent spots 
align with the five LEDs inside the reader. The electronics command the flash- 
ing of the LEDs and measure the charge thus produced, in the form of a voltage. 
The measurement is performed using a lock-in amplifier that is phase-locked 
to the signal. 

The badge is read before and after the monitoring period, which can be 15- 
min STEL (Short-Term Exposure Limit) or 8-h TWA (Time Weighted Average). 
The readings are corrected for variations in the light output intensity between 
the five LEDs, using normalisation data obtained using a reference badge that is 
screen printed with a black ink so as to give signals directly proportional to the 
light outputs of each of the five LEDs. The initial reading is stored in the read- 
er memory and retrieved during the after-exposure reading, when the built-in 
algorithm, based on calibration data, transforms the output difference into a 
time-weighted average exposure in appropriate units. The final result appears 
on the liquid crystal display and is also stored electronically. The reader also 
incorporates a bar-code reader that records the individual bar code on each 
badge for data logging purposes. The whole system is of low cost (reader less 
than €2000, badge less than €20) and can easily be operated by unskilled staff. 

In this chapter, the procedures used to calibrate and evaluate new badges are 
described, including a general discussion of the performance standards of the 
system, and then the development of badges for formaldehyde, glutaraldehyde, 
chlorine dioxide, ozone, nitrogen dioxide, styrene and ammonia are reviewed. 
Examples of multi-analyte badges are then discussed, together with approaches 
to minimisation of interferences. Finally the results of a study of the factors that 
determine the evolution of the piezoelectric signal from each spot are summa- 
rised together with the implications of this for future applications of the system. 
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2 

Calibration and Evaluation of New Badges 

For optimum performance of this system the badges must be calibrated over the 
full concentration range to be monitored, in realistic temperature and humidi- 
ty conditions. The effects of operating in lower and higher ranges of both tem- 
perature and humidity must also be explored. Depending on the magnitude of 
such effects, two of the five reagent spots on the badge may need to be used for 
automatic temperature and humidity compensation or simple tables of correc- 
tion factors may suffice if the operating environment has approximately con- 
stant temperature and humidity over the measurement period. 

The reagent spots themselves generally consist of a dispersion of the rea- 
gent adsorbed on silica powder or entrapped in a porous matrix such as a sili- 
ca sol-gel. This material is then ground and bound into a thin film with a poly- 
mer solution. The polymer matrix (commonly polyisobutylene) is flexible and 
adheres well to the PVDF strip, and may be varied to control ingress of the ana- 
lyte and/or restrict ingress of interfering substances, e.g. water. The nature and 
concentration of the colour reagent, and the entrapment matrix and polymer 
binder used in spot fabrication, must be optimised with respect to sensitivity 
and shelf life. Furthermore, the use of diffusion filters may be necessary to per- 
mit the use of sensitive reagents for monitoring over 8-hour periods. Both the 
filter and the composition of the reagent spot itself may require further chemi- 
cal modification in order to minimise cross-sensitivity to additional interfering 
pollutants present in the atmosphere to be monitored. A further benefit of the 
presence of five reagent spots on each badge is the possibility of simultaneous 
monitoring of two or more different pollutants. The effects of cross-sensitivities 
of reagents to the different pollutants may be eliminated accurately, provided all 
of the different reagent spots have been calibrated for all of the pollutants. The 
number of reagent spots with different sensitivity patterns must in practice at 
least equal the number of different pollutants to be monitored. This is a partic- 
ularly important facility of the system because colour reagents are rarely totally 
specific. It is made possible by the powerful microprocessor facility used in the 
reader, which can implement complex correction algorithms based on calibra- 
tion data for every spot in every analyte. 

The gas rigs used for optimisation and calibration are identical to those com- 
monly used in gas sensor evaluation. A typical installation is shown in Fig. 4. 

Particular attention is paid to the control and monitoring of the tempera- 
ture and humidity of the system, since the badges are passive devices. Pollut- 
ant concentrations are generated by a variety of methods including nebulising 
into a gas flow (e.g. for aldehydes and chlorine dioxide), controlled evapora- 
tion of a liquid maintained at constant temperature (e.g. for styrene), bubbling 
air through an aqueous solution of the analyte (e.g. aldehydes), in-situ genera- 
tion of the pollutant in the air flow (e.g. generation of ozone using UV light) or 
from standard certified gas mixtures (e.g. nitrogen dioxide). Materials for the 
tubing of the rigs are selected to avoid possible reaction or adsorption of the 
target analyte. Typically glass, polyurethane and PTFE are used. The concentra- 
tion of the gas or vapour arriving at the test chamber is determined directly by 
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Fig. 4. Gas rig used for badge calibration 



passing a known volume through a filter or bubbler and analysing the trapped 
material chemically, spectrophotometrically or by HPLC. In the case of nitrogen 
dioxide and ozone, their concentrations have been analysed by sampling from 
the exposure chamber directly into chemiluminescent and UV analyser instru- 
ments, respectively. Such procedures are extremely important since even with 
careful choice of materials the compositions of many vapours do change as they 
pass through test rigs. 

To quantify the colour change of the reagent, the spots are consecutively illu- 
minated using flashing LEDs with emission wavelength selected to match the 
optical absorption spectrum of the reagent system. Although thermal drift may 
lead to changes in LED output and amplifier gain between initial measurement 
of the standard black badge and the sample, repeat measurements of the stand- 
ard badge can be normalised to within ±2%. Further errors arise from varia- 
tions in size and reactivity of individual reagent spots, accuracy of the calibra- 
tion system, effects of changes in humidity, temperature variations and inter- 
fering reactions of other related chemicals with the reagent spots. Effects of 
variations between different reagent spots are minimised by averaging the nor- 
malised readings from several spots deposited on a single PVDF strip. Typical- 
ly readings of each spot are taken during 16 flashes of the LEDs, the first two 
being discarded as atypical due to effects of the LEDs and circuitry equilibrat- 
ing after the initialisation of the measurement cycle. The remainder are normal- 
ised, the highest and lowest readings are ignored and the remaining 12 readings 
averaged. The total error for a typical reagent system such as that for nitrogen 
dioxide has been estimated [5] as ±10% provided carefully-designed calibra- 
tion rigs are used. 

Before any new badge reagent system is released, careful studies are made to 
optimise storage life. Many colour reagents undergo slow changes due to reac- 
tions with components of the storage environment. These components may be 
pollutants in the residual air in the storage container, or chemical species emit- 
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ted from the container itself or even from the plastic used for the badge compo- 
nents. A range of strategies is available for minimising such problems. The sim- 
plest is to store the badges in sealed metallised bags in a freezer. The sealed envi- 
ronment minimises contamination, and the low temperature reduces the rates 
of any diffusion processes or chemical reactions. However, this poses problems 
during transport of the products to users, so efforts are made to ensure that 
all badges have a room-temperature storage life of at least one week. The stor- 
age life is defined for this purpose as the time at which the background signal 
of the badge has changed so much that the remaining available signal change 
when used for monitoring is less than that expected for exposure to the permit- 
ted exposure limit dose. Strategies to increase room-temperature storage life 
include varying reagent concentration, heat-treatment of the plastic badge bod- 
ies and the storage bags, inclusion of scavenger packs inside the storage bags 
and modification of the reagent itself and its entrapment matrix. 

3 

Badges for Formaldehyde Monitoring 

Formaldehyde is a commonly-used biocide. It is toxic and excessive exposure 
causes respiratory problems. It is also the most common indoor air pollut- 
ant. Sources are synthetic materials based on formaldehyde resins, and ciga- 
rette smoke. Indoor concentrations average ~ O.I ppm and may exceed I ppm in 
adverse conditions, whereas typical urban outdoor concentrations are around 
0.01 ppm. The UK maximum exposure limit is currently 2 ppm [6]. 

The strong reducing power of formaldehyde is a useful property on which to 
base detection methods. For example, it is capable of reducing silver salts to a 
brown silver deposit that absorbs light over a wide range across the visible spec- 
trum. 

2Ag+ + HCHO + 20H- 2Ag° + HCOOH + H 2 O 

The reagent is made by entrapping silver nitrate in a silica sol-gel matrix pre- 
pared by mixing for 90 s 1.375 mL tetramethoxysilane, 1 mL of 0.05 M aqueous 
silver nitrate solution and 2 mL 0.1 M aqueous NaOH solution, and drying for 
2 days at room temperature. This base-catalysed process generates large pores 
in the silica matrix which allow ready access of the analyte vapour to the rea- 
gent. The resulting solid is ground to a powder and bound into 5 pL spots with a 
solution of polyisobutylene. Fig. 5 shows the calibration curve for a badge opti- 
mised for use over 15-minute exposure periods. The formaldehyde concentra- 
tions were validated by reaction of known vapour volumes with glass fibre filters 
soaked in 2,4-dinitrophenylhydrazine. The exposed filters were then solvent- 
extracted and analysed by HPLC [7]. The formaldehyde vapour was generat- 
ed by nebulising methanol-stabilised formalin solutions, creating a vapour of 
mean molar mass 49.8 whose composition is 38% HCHO + 62% MeOCH20H 
[8]. Since the sol-gel entrapped reagent is a diffusive sampler, and diffusion rates 
are inversely proportional to the square root of mean molar mass, the calibra- 
tion data require a correction if used to detect pure formaldehyde. Since the 
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Fig. 5. Calibration curve for the 15-minute formaldehyde badge 




Fig. 6. Humidity effects on the 15-min formaldehyde badge 



pure material has a significantly lower molar mass, the effective sampling rate 
will be higher and the badge response derived from the formalin calibration 
data must then be reduced by a factor of V(30.0/49.8) = 0.737. 

However, for many biocidal applications the vapour will originate from such 
formalin solutions and the calibration curve of Fig. 5 is valid without correction 
in such cases. This illustrates a very important general principle, that reliable 
occupational or environmental monitoring demands that the composition of 
the pollutant in the actual operating environment must be independently estab- 
lished and calibration corrected appropriately depending on the actual calibra- 
tion vapour used. 
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Fig. 7. Temperature effects on the 15-min formaldehyde badge 



Since the rates of diffusion processes and chemical reactions are dependent 
on temperature, and humidity variations may also affect the badge responses, 
the magnitude of these effects for variations from the standard calibration con- 
ditions of 25°C and 50% RH have also been determined. Figures 6 and 7 show 
the results for this badge. Fortunately the response to glutaraldehyde concentra- 
tions as high as double the MEL is less than 10,000 counts, which is negligible in 
relation to the formaldehyde responses shown in the calibration curve of Fig. 5. 

4 

Badges for Glutaraldehyde Monitoring 

Glutaraldehyde is a biocide which is widely used for sterilizing equipment such 
as endoscopes in hospitals. It is highly toxic and can also sensitize exposed sub- 
jects to asthma. The UK maximum exposure limit is 50 ppb [6], and for hospital 
use it is necessary to measure the 15-minute time-weighted average exposures 
of individual workers. 

The reaction of glutaraldehyde with 2,7-diaminofluorene produces a yellow- 
coloured derivative that can be interrogated with a blue LED with emission cen- 
tred at 470 nm. 
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Reagent spots are prepared by evaporating a polyisobutylene solution con- 
taining a suspension of a powder made by soaking Davisil 644 silica in an ace- 
tic acid solution of 2,7-diaminofluorene dihydrochloride and drying the filtered 
product. By varying the reagent concentration and using a glass fibre diffusion 
barrier filter as appropriate, the badge response may be adjusted to give read- 
ings up to the 50 ppb MEL value in either 15 min or 4 or 8 h as required. Calibra- 
tion curves for these badges are shown in Figs. 8 and 9. 

These calibrations are validated by determining the actual glutaraldehyde 
concentrations by reaction of known vapour volumes with glass fibre filters 
soaked in 2,4-dinitrophenylhydrazine. The exposed filters are then solvent- 
extracted and analysed by HPLC [7]. The response of these badges to formalde- 
hyde is approximately 10% of that to the same concentrations of glutaraldehyde. 
Since typical formaldehyde concentrations are commonly substantially higher 
than those of glutaraldehyde as pointed out above, some compensation for this 
effect is required in atmospheres where both of these biocides may be present 
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Fig. 8. Calibration curve for the 15-minute glutaraldehyde badge 
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Fig. 9. Calibration curves for the glutaraldehyde badge over 4-hour (diamonds) and 8-hour 
(circles) exposure periods 



together. This is easily achieved since the formaldehyde reagent shows good 
selectivity against glutaraldehyde, as already mentioned. 

However, the diaminofluorene reagent is susceptible to interference from 
strong oxidising agents (such as atmospheric nitrogen dioxide) which gener- 
ate a blue quinoneimine product that absorbs at 450 and 620 nm, and thus also 
gives a response with the 470 nm LED. 




Two methods have been devised to deal with this problem. In the first of 
these, the reagent spot is covered with a glass fibre filter soaked in dinitrophe- 
nyl-hydrazine. This reacts with any glutaraldehyde, and thus any colouration of 
the underlying reagent spot is due solely to the interfering oxidants. The read- 
ing from this spot, corrected if necessary for the presence of the diffusion bar- 
rier, is subtracted from the reading of an identical but unprotected spot to give 
the response due only to glutaraldehyde. This method is effective, but somewhat 
complex to implement due to the need to compensate for the effect of the diffu- 
sion barrier presented by the filter. A simpler method is to incorporate an anti- 
oxidant into the reagent spot itself. When ascorbic acid was tried in this role, it 
was found to react with glutaraldehyde, giving very low badge responses, in the 
following reaction: 
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OH OH 




Use of a protected ascorbic acid 6-palmitate eliminated this problem and its 
effectiveness is demonstrated in the calibration graphs in Fig. 10. 





Fig. 10. Response of the 15-min glutaraldehyde badge in natural air (containing traces of 
NO 2 ) in the presence of 33 ppm glutaraldehyde (closed symbols) and in the absence of glu- 
taraldehyde (open symbols). Circles denote the original diaminofluorene. Triangles denote 
the reagent incorporating antioxidant 
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Effects of humidity and temperature on the badge response have been inves- 
tigated. The effects of temperature are approximately twice as large as those for 
the formaldehyde badge, possibly reflecting a higher activation energy for the 
reaction, but the humidity effect is negligible between 25 and 90% RH. Only 
in very dry conditions (<5%RH) is an approximate doubling of sensitivity 
observed. 

5 

Badge for Monitoring Chlorine Dioxide 

Chlorine dioxide is a biocide that is increasingly used as one of the alternatives 
to the aldehydes. The UK Occupational Exposure Standard limits for this gas are 
300 ppb over 15 min or 100 ppb over 8 h [6]. 2,2’-Azino bis(3-ethylbenzthiazo- 
line)-6-sulfonic acid diammonium salt (ARTS) is capable of selecting for CIO 2 
against other potentially oxidising species. The colourless ARTS is oxidised by 
C102to a stable green-coloured radical cation [9]. 




Reagent spots are fabricated from this reagent following the same pattern as 
for formaldehyde, i.e. entrapment in a base-catalysed silica sol-gel followed by 
drying, grinding and binding with a polyisobutylene solution. Since CIO 2 is an 
unstable gas, vapour concentrations cannot be generated exactly from standard 
sources. 0-500 ppb concentrations of CIO 2 were generated by nebulising fresh- 
ly-prepared aqueous solutions into air flows, and quantified by sampling from 
the test chamber at the location of the badge being tested. The CIO 2 solutions 
were prepared from NaCl02 + H2SO4. The sampled gas was absorbed in aque- 
ous ARTS solutions and monitored by spectrophotometry. Fig. 1 1 shows the cal- 
ibration curve obtained for this badge. 
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Fig. 11. Calibration curve for the 15-min chlorine dioxide badge 



6 

Badge for Monitoring Ozone 

Ozone is used extensively in water treatment and for odour elimination in 
buildings, but is also present in the environment as a consequence of the ultravi- 
olet component of sunlight interacting with oxygen in air. Since it is an irritant, 
and has a role in the generation of photochemical smog, monitoring is neces- 
sary. Although there are several well-established standard methods for its deter- 
mination, notably UV absorption and chemiluminescent techniques, a reliable 
and cheap method for measuring personal exposures for susceptible individu- 
als (e.g. asthmatic children) is highly desirable. We have therefore developed an 
ozone badge based on the bleaching action of ozone on indigo disulfonate [10- 
13]: 



OH O 




The reagent spot is prepared using a method analogous to that described 
above for glutaraldehyde, i.e. adsorption on silica powder followed by binding 
with a polymer solution. In the case of the indigo reagent, the nature of the pol- 
ymer binder was found to be critical. When polyisobutylene or ethyl cellulose 
was used, no bleaching of the reagent occurred on exposure to ozone, but a sig- 
nificant effect was observed when polyethyleneglycol was used. This is believed 
to be an indication that water is required for the reaction to occur. Using badges 




9 Piezo-Optical Dosimeters for Occupational and Environmental Monitoring 217 




Fig. 12. Calibration curve for the 8-h ozone badge 



based on such spots, the calibration curve shown in Fig. 12 was obtained. Expo- 
sure of these badges to nitrogen dioxide concentrations of 20 ppb showed no 
interference from this gas. 

7 

Badge for Monitoring Nitrogen Dioxide 

OES limits for NO2 are 3 ppm for the 8-hour period and 5 ppm for the 15-minute 
period. The reagent selected for measuring nitrogen dioxide was o-tolidine [14]. 
The reaction between a primary aromatic amine and nitrous acid HNO2 leads 
to a diazonium salt. o-Tolidine further reacts with the diazonium salt to form 
a coloured azo compound. This reaction requires the presence of water for the 
formation of nitrous acid. In dilute acid, the actual attacking species is N2O3, 
which acts as a carrier of NO"^. Since water is needed for the reaction, the badg- 
es showed increased reactivities at higher relative humidities. o-Tolidine is also 
readily oxidised, for example by chlorine and ozone which show cross- sensi- 
tivity with the NO2 badge, and some contribution to the observed colouration 
of the spots by NO2 is also likely to arise from formation of quinoneimine oxi- 
dation products analogous to that discussed above from the effect of NO2 on 
diaminofluorene. 



H2N 




NH2 



o tolidine 
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Fig. 13. Calibration of the 8-h nitrogen dioxide badge in nitrogen dioxide ( ■ ) and ozone 
(♦) 



o-Tolidine was entrapped in a sol-gel matrix under acid catalysis, and the 
ground product was bound into spots with a polyisobutylene solution. The 
reacted reagent powder had a broad absorbance across the visible spectrum, 
making possible the use of either blue or red LEDs. By varying the amount of 
reagent, badges capable of covering environmental (10 to 1000 ppb) and occu- 
pational (2 to 10 ppm) exposures were obtained. Calibration, using standard 
gas mixtures of NO 2 in air, is difficult due to the high reactivity of NO 2 and the 
high polarity that gives it a strong tendency to adsorb onto the tubing in the 
gas rigs. Great care was needed to measure the concentrations actually present 
at the location of the badges under calibration, using standard chemilumines- 
cent analyser instruments. A calibration curve for a badge designed for environ- 
mental application is shown in Fig. 13, together with the interference produced 
by ozone. Since the ozone badge is unaffected by NO 2 it is possible to determine 
the concentrations of both of these gases in mixtures by using these two reagent 
spots together in a single badge. 

8 

Badge for Monitoring Styrene 

Occupational exposure to styrene monomer is widespread. It is used in the 
preparation of rubber tyres, glass-reinforced plastics, carpet coatings and pack- 
aging materials. Styrene causes irritation of the eyes and mucous membranes at 
50-100 ppm [15]. It is a central nervous system depressant and may cause der- 
matitis after repeated exposures. In the United States, the occupational maxi- 
mum exposure limits for styrene vapour are 20 ppm as an 8-h time weighted 





9 Piezo-Optical Dosimeters for Occupational and Environmental Monitoring 219 




StfTBiW cortcanitrsttori (ppm> 

Fig. 14. Calibration curve for the 15-min styrene badge 

average (TWA), or 40 ppm as a 15-min short term exposure limit (STEL). The 
corresponding values in the United Kingdom are 100 ppm (TWA) and 250 ppm 
(STEL). 

Decolorisation of bromine water is the classical spot test for alkenes. Initial 
attempts to develop a styrene-sensitive reagent using bromine trapped in either 
a molecular sieve or a sol-gel were unsuccessful. Attention was then turned to 
polymer-supported tribromide reagents, which were originally developed as 
convenient solid-phase bromination agents [16, 17]. Polyvinylpyridinium tri- 
bromide and Amberlyst®-supported tribromide only showed a small response 
in a saturated atmosphere of styrene. A large variety of encapsulating matri- 
ces (soluble polymers), co-reagents, humectants and solvents were used to try 
and enhance the reactivity of the bromide reagent. The highest response was 
obtained using a 10,000 MW polyethylene glycol matrix, containing a small 
amount of water. Figure 14 shows the response curve for the calibration of the 
15-min styrene dosimeter sensor in a controlled atmosphere at 298 K and 50% 
relative humidity [18]. 

The reactivity of this reagent makes it an ideal sensor for alkenes in general. 
Although such lack of specificity is in general a disadvantage, in this case it is in 
fact an advantage since in industrial applications pollution from a single alkene 
is the most common situation. Thus, provided full calibration is carried out for 
the target alkene, the system has wide applicability. We have already shown that 
the dosimeter can be used in environments which may contain methyl meth- 
acrylate (used in plastics production and bone cement), ethyl cyanoacrylate 
(used in “superglue” fuming to visualise latent fingerprints) and vinyl chloride 
monomer (PVC production). 

9 

Badge for Monitoring Ammonia 

Although ammonia emissions are widespread in the environment, most arise 
naturally from biological decay (approximately 100 million tons/annum) while 
anthropogenic sources (mainly waste treatment) account for less than 5% of 
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this amount. However, measurement of ammonia in exhaled breath of humans 
and animals is becoming an important diagnostic tool. We have reported two 
systems that are feasible for use in ammonia badges [5]. One of these uses the 
basic properties of ammonia, with the pH indicator Rose Bengal, whose piCa is 
4.5, while the other uses the reduction of silver ions by Mn^'^ to silver. The latter 
reaction only occurs in the basic conditions produced by ammonia. 

I I 




Rose Bengal 

Both reagents are entrapped in a silica sol-gel matrix prepared by p-tolue- 
nesulphonic acid catalysis. The sensitivity of the reagents is dependent on the 
pH of the sol-gel precursor mixture, and is optimised at pH 1.57 for the Rose 
Bengal system. Other workers have shown that sol-gel entrapment of pH indi- 
cators can have the effect of widening the pH range over which the indicator 
changes colour. This useful effect extends the dosimeter capacity of the sys- 
tem, and is believed to be a due to a range of pore sizes in the gel which pro- 
vide different local environments for the entrapped indicator molecules, each 
with its own characteristic effective pK^. Similar effects on chemical equilibria 
have been observed for the complexometric reagent Eriochrome Cyanine R, 
which is selective for copper(II) ions when entrapped in a sol-gel as opposed to 
aluminium(III) when free in aqueous solution [19]. The sensitivity of this rea- 
gent may also be modified by using a p-toluenesulphonic acid-impregnated fil- 
ter layer above the reagent spot. 

Linear calibration curves have been obtained over the range 0-60 ppm 
ammonia. The response is strongly dependent on humidity and temperature, 
decreasing linearly with humidity and increasing with temperature. However, 
the responses are rapid, and exposure of the silver/manganese reagent system 
to steady-state and equivalent-time-weighted-average doses of varying con- 
centrations of ammonia have been shown to give identical overall badge read- 
ings. These results are an important verification of the ability of this diffusive 
sampling system to record accurate time-weighted average doses in conditions 
where transient peaks of high pollution levels occur. 
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10 

Multi-analyte Badges and the Minimisation of Interference 

The above discussion has included several examples where the use of different 
reagent spots on a single badge can compensate for interferences. For example: 
the use of glutaraldehyde and formaldehyde reagent spots to analyse mixtures 
of these two aldehydes despite some cross sensitivity; the use of a glutaralde- 
hyde reagent spot covered by a dinitrophenyl-hydrazine-coated filter to pro- 
vide compensation for NO 2 interference in glutaraldehyde badges; and the use 
of ozone and NO 2 spots in a single badge to analyse mixtures of these two gas- 
es despite some mutual interference. The presence of five reagent spots on a sin- 
gle badge, together with the intelligent signal processing provided by the read- 
er microprocessor, gives this system unique advantages for multi- analyte anal- 
ysis. This is particularly valuable in providing automatic compensation for the 
widespread effects of variations of temperature and humidity on the response 
of colour reagents. 

Reagent systems capable of measuring temperature and humidity have been 
developed [20]. The humidity system uses the well-known colour change from 
blue to pink of silica-gel-entrapped cobalt chloride, as the cobalt(ll) coordina- 
tion changes from the tetrahedral chloro complex to the octahedral aquo com- 
plex. Although this reaction is very rapid in finely-ground sol-gel material, by 
suitable choice of entrapment polymer matrix and use of polymer diffusion bar- 
rier filters it has been possible to develop spots suitable for monitoring humid- 
ity over 15-min and 8-h periods. Similarly, spots for monitoring temperature 
have been prepared by sol-gel entrapment of pyrogallol, which is oxidised to a 
brown product at a rate determined largely by the ambient temperature in air 
with normal oxygen content. The response of the humidity spot is also depend- 
ent on the temperature, while the rate of reaction of the temperature spot is also 
influenced by humidity. However, if both spots are present together (or if either 
the temperature or humidity are known) these cross-effects may be compen- 
sated by the reader electronics operating with suitable algorithms devised from 
full cross-calibrations over ranges of temperature and humidity. Such a system 
works well in conditions where temperature and humidity, although not those 
of the standard calibration environment of 50% RH and 25 °C, are approximate- 
ly constant. This is the case in many indoor monitoring environments, where 
such automatic compensation for effects of non-standard operating environ- 
ments can significantly improve accuracy especially during use by non-skilled 
staff who may be unaware of the potential effects of such conditions. Where the 
temperature and humidity do change during the measurement period, precise 
compensation becomes more difficult for any system, since time-weighted aver- 
age readings give no indication of the actual time-profile of, for example, tem- 
perature and humidity. Periods of high pollution may be associated with low or 
high temperature or humidity and the relationship between exposure dose and 
device response is, in principle, continuously varying. In practice, however, such 
variations are unlikely to be significant over 15-min periods so wherever oper- 
ating conditions are likely to vary substantially over time it is advisable to use 
15-min badges rather than, for example, 8-h badges. 
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Overall, the opportunity for measuring several analytes simultaneously, with 
compensation for mutual interference and for humidity and temperature var- 
iations, has many advantages. The accuracy of measurements is improved, the 
permissible range of operating environments in which monitoring can be car- 
ried out within a specified degree of accuracy is increased, and the cost of mon- 
itoring is reduced. 

11 

Fundamentals of the Piezo-optical Measurement 

The piezo-optical measurement principle used in this system is a form of pho- 
toacoustic spectroscopy. Light passes through the transparent PVDF transduc- 
er film and is absorbed in the reagent spot within a distance known as the opti- 
cal absorption length, d. Heat is generated in this region by non-radiative decay 
of the optically excited states. That part of the heat which is generated with- 
in the thermal diffusion length (p) of the interface between the spot and the 
underlying PVDF film is able to reach the interface and create thermal expan- 
sion and thus stress, which generates the electrical charge signal that is meas- 
ured. The observed signal therefore depends on the thickness of the reagent 
spot, the way in which the colour change from reaction with the analyte is dis- 
tributed through the spot, and the intensity of the colour. If the colour change 
is uniformly distributed through the sample, very low analyte concentrations 
may lead to weak optical absorption, so that increasing the spot thickness will 
give a larger signal. However, if the spot thickness exceeds the thermal diffu- 
sion length, no further increase in signal will be observed. If the colour change 
is non-uniform, with outer layers reacting first, thick spots may lead to very low 
sensitivity as the colour, and hence the heat, is produced further than the ther- 
mal diffusion length from the active interface. In both cases, as the colour inten- 
sity increases, more heat is generated close to the interface and the signal ris- 
es while the time delay between the flashing of the LED and the generation of 
the piezoelectric response decreases. Both the signal magnitude and the phase 
lag between the signal and the exciting light therefore contain information rele- 
vant to the optimisation of spot thickness and reagent concentration. A study of 
these factors using several model systems has been reported [21]. 

The PiezOptic reader unit has an adjustable phase lag (known as the cor- 
relation delay) in the lock-in amplifier section, and the optimum value of this 
parameter is determined for typical analyte concentrations for each new sys- 
tem that is developed. Although in principle the phase lag should be reduced as 
the analyte dose increases, in practice a satisfactory response can be achieved 
across the desired concentration ranges using a single value. Similarly, for most 
of the developed systems reported above, comparison of the waveforms of the 
exciting light pulse and the piezoelectric response pulse shows that the spots are 
sufficiently thin to avoid problems of significant phase lag. 

Model systems also show that varying the flashing frequency of the LED can 
have a significant effect on the magnitude of the observed piezoelectric signal. 
Since the signal is generated by a change in the stress applied to the PVDF film, 
very low flashing frequencies lead to lower signals because the stress becomes 
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nearly constant during the long constant on or off periods. However, if the flash- 
ing frequency is too high, very accurate phase locking is necessary to ensure that 
the short sample time actually correlates with the period of maximum stress. 
The actual flashing frequency used is 8 Hz, which is a compromise between 
these two extremes. 

Although satisfactory responses have been obtained for all of the systems 
reported in this chapter using the standard reader unit without detailed optimi- 
sation of the signal waveform, there is considerable scope for such optimisation 
in systems where sensitivity needs to be pushed to new limits. 

12 

Future Development Prospects 

This generic monitoring system is capable of application to a very wide range 
of analytes, and future developments are limited mainly by consumer require- 
ments. As toxic compounds are replaced by less harmful alternatives, monitor- 
ing must change accordingly. Furthermore, the availability of cheap versatile 
personal monitoring systems such as this can greatly assist the identification of 
associations between chemical exposure and health problems and thus contrib- 
ute to the setting of new standards. 

Although this chapter has focussed on the development of badges giving 15- 
min or 8-h time- weighted- average gas monitoring data, it has recently been 
shown [22] that this system can also be applied to continuous monitoring of 
gas concentrations. Carbon dioxide was selected as a simple analyte for testing 
this application. Carbon dioxide, in low to medium concentrations, can cause 
respiratory stimulation and affect blood circulation. It can build up inside con- 
fined spaces such as tanks and grain silos, or in carbonated beverage production 
units. In the UK, the Short-Term Exposure Limit (15-min STEL) is 15000 ppm 
(i.e. 1.5% or 27400 mg m‘^) [6]. Being odourless, it cannot be perceived and rap- 
id continuous monitoring methods are therefore required to ensure the safety of 
workers. pH indicators can be used to follow the concentration of carbonic acid 
formed from carbon dioxide and water, and in this study m-Cresol Purple was 
used. Spots, prepared from an ethylcellulose-bound bicarbonate-buffered solu- 
tion of m-Cresol Purple containing tetraoctylammonium hydroxide, were 
deposited on small pieces of the usual PVDF material placed in the specially- 
designed single-spot holder shown in Fig. 15. 

The tetraoctylammonium hydroxide is a phase-transfer reagent which serves 
to solubilise the blue anionic form of the indicator in the matrix as well as assist- 
ing the incorporation and retention of the water molecules necessary to estab- 
lish the carbon dioxide/carbonic acid equilibrium. This system gave a large 
decrease in reader signal on exposure to low concentrations of carbon dioxide 
when illuminated with an amber LED (592 nm, close to the absorbance maxi- 
mum of 600 nm of the blue form of the indicator). The 90% response times were 
3-4 min, with reversal in clean air somewhat slower. It was also shown that the 
initial rates of response over the first few seconds of exposure were proportion- 
al to the carbon dioxide concentration, so that the device could be used in this 
mode to provide rapid warning of dangerous increases in carbon dioxide con- 
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Gas 




Fig. 15. The single-spot holder used for the continuous monitoring feasibility study 




Fig. 16. Calibration curve for the continuous monitoring carbon dioxide sensor 



centration. Figure 16 shows the calibration curve for the device as operated in 
its steady state mode. 

This study shows that the system described in this chapter can be used for 
continuous monitoring as well as for dosimetry applications. Modern solid 



9 Piezo-Optical Dosimeters for Occupational and Environmental Monitoring 225 



state electronics technology combined with new surface-mount LEDs render 
the design of suitable miniaturised low-power signal processing and display cir- 
cuitry for such a system entirely feasible. 

It has also been shown that it is possible to use the PiezOptic system for meas- 
uring analytes in solution. For example, spots made from a polymer-bound 
composite with ground particles of the sol-gel-entrapped Eriochrome Cyanine 
R copper-selective reagent mentioned earlier in this Chapter [19] can be used 
to detect 1-40 ppm concentrations of copper(II) in water [23]. The effects of 
both bulk water and water entrapped within the pores of the spot matrix on the 
heat-transfer processes within the spot have been shown to influence the size of 
the observed signals. However, reproducible responses have been obtained in a 
system where the spot is immersed in the test solution for one minute, before 
removal of surface moisture with an absorbent pad and drying in air for 3 min 
before measurement in the normal way. As with the continuous monitoring sys- 
tem, the scope and performance of the system for monitoring species in solu- 
tion can certainly be improved considerably by further optimisation of the spot 
and by using a redesigned badge and measurement system optimised for this 
application. 
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CHAPTER 10 



Interferometric Biosensors for Environmental Pollution 
Detection 

L. M. Lechuga, R Prieto, B. Sepulveda 



1 

Background of Interferometer Biosensors 

One important step in the development of biosensors is the design and fabrica- 
tion of a highly sensitive physical transducer, that is, a device capable of trans- 
forming efficiently a chemical or biological reaction into a measurable signal. 
There are several physical methods to obtain this transducing signal such as 
those based on amperometric, potentiometric or acoustic systems. However, 
transducers that make use of optical principles offer more attractive character- 
istics such as immunity to electromagnetic interference, possible use in aggres- 
sive environments and, in general, a higher sensitivity. 

Generally, in optical transducers, the chemical or biological stimulus pro- 
duces changes in the characteristics of the medium in contact with the light 
path, like a variation in its emission properties (luminescence), in the absorp- 
tion coefficients or in the refractive index. This variation will induce a change 
in the propagation properties of light (wavelength, intensity, polarisation, phase 
velocity). Depending on how this change in the light characteristics is measured, 
several sensor schemes have been developed. Several techniques have been pro- 
posed to measure the induced change in the propagation properties of light. 
The more important one among these is the Surface Plasmon Resonance sen- 
sor (SPR) [1, 2]. This method has been improved greatly and nowadays there 
exist several commercial devices (such as BIAcore [3], Spreeta [4, 5], or Quan- 
tech [6]). Other important measurement methods are the grating coupler [7] 
(commercialised by Artificial Sensing Instruments [8]) and the resonant mir- 
ror [9] (commercialised by Affinity Sensors [10]). Another sensing scheme that 
exists, but is not so far commercially developed, and shows a higher sensitivi- 
ty is the interferometer. This transducer system will be treated in more detail in 
this chapter. 

All interferometric sensors make use of optical waveguides as the basic ele- 
ment of their structure for light propagation and are based on the same opera- 
tion principle, evanescent field sensing. An optical waveguide is formed with a 
core layer of material of certain refractive index surrounded by two other media 
(cladding) with lower refractive indices. Light is confined within the core lay- 
er by successive total internal reflections at the core-cladding media interfac- 
es. However, although light travels confined within the core layer, there is a part 
of the guided light (evanescent field) that travels through a region that extends 
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outward, around hundreds of nanometers, into the media surrounding the 
waveguide. When there is a change in the optical characteristics of the outer 
medium (i.e. refractive index change), a modification in the optical properties 
of the guided wave (phase velocity) is induced via the evanescent field. Sensors 
based on this operation principle have been fabricated using optical fibres and 
integrated optical waveguides. However, fibre-based sensors [11] cannot com- 
pete with integrated optics with respect to robustness, compact optical circuit- 
ry that enables a higher complexity, design flexibility with respect the geometry 
as well as the choice and combination of materials, ease of access to the optical 
path in evanescent field sensing or the potential integration with microelectron- 
ics and micromechanics systems. 

Optical evanescent wave biosensing techniques allow direct monitoring of 
small changes in the optical properties and are particularly useful in the direct 
affinity detection of biomolecular interaction as they can record the binding 
and dissociation in real time. The direct detection method is not as sensitive 
as indirect ones (i.e. fluorescence, radiolabelling or enzyme amplification) but 
it generally requires no prior sample preparation and can be used in real time 
evaluations allowing the determination of concentration, kinetic constants and 
binding specificity of biomolecules. 

The interferometric arrangement for biosensing is highly sensitive and is the 
only one that provides with an internal reference for compensation of refrac- 
tive-index fluctuations and non-specific adsorption. Several interferometric 
devices have been described such as the difference interferometer, the Mach- 
Zehnder or the Young interferometer. Interferometric sensors have a broader 
dynamic range than most other types of sensors and show higher sensitivity as 
compared to other integrated scheme, as shown in Table 1, where a comparison 
of the different sensor technologies as a function of the limit of detection (in pg/ 
mm^) is presented. Due to the high sensitivity of the interferometric sensor the 
direct detection of environmental pollutants (where 0.1 ng/mL must be detect- 
ed) would be possible with this device. The detection limit is generally limited 
by electronic and mechanical noise, thermal drift, light source instabilities and 
chemical noise. But interferometric devices have an intrinsic reference channel 
which offers the possibility of reducing common mode effects like temperature 



Table 1. Comparision of sensitivities for different integrated optical biosensors 



Sensing principle Limit of detection (pg/mm^) 



SPR 


2-5 


Waveguide-SPR 


2 


Resonant mirror 


5 


Grating coupler 


1-10 


Mach-Zehnder interferometer 


0.1 


Differential mode interferometer 


1 


Young interferometer 


0.7 


Reflectometric interference spectroscopy (RifS) 


1-5 
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drifts and non-specific adsorptions. Detection limits of 10'^ in refractive index 
(or better) can be achieved with these devices, which opens the possibility of 
development of highly sensitive devices for in-situ pollutant detection. 

2 

Optical Waveguides 

The basic and main structure used for the development of optical interferom- 
eter sensors is the optical waveguide. It consists, basically, in a core layer with a 
refractive index higher than the index of the surrounding media. Light propa- 
gates through the structure by successive total internal reflections at the core- 
cladding interfaces. However, only rays incident with an angle greater than the 
critical angle will experience Total Internal Reflection (TIR), while the others 
will be partially reflected at the film boundaries and will leave the waveguide 
after some reflections (Fig. 1). 

In addition to this condition, rays will propagate through the core only if the 
incident angles satisfy the resonant condition [12, 13]: 

’K'^c *cos0-^Q-^3 = mn m = 0,1, 2,3... (1) 

where Uc is the core refractive index, dc is the core thickness, ko = 2n/A, and 
4>s are the phase shifts originated at the total internal reflection (see Fig. 1): 



= arctan 









2 - 2 ^ 2 
n^sm 0-n^ 

cos 6 



(2) 



with i = Oy s (o=outer medium, s=substrate) and (? = 0, 1 for the TE and TM 
polarization, respectively. This characteristic equation defines a discrete set of 
propagation angles, each associated with an electromagnetic field distribution 
in the waveguide structure, known as “guided modes”. A mode could be under- 




Fig.l. Slab waveguide. Core layer has a refractive index of Uc and thickness dc. and Uq are 
the refractive indices of substrate and outer medium, respectively 
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Fig. 2. The two first guided modes are shown 
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Fig. 3. Optical waveguides with lateral confinement: a) embedded strip waveguide 
{nc>ns>Tio); b) ridge waveguide (nc>^t^^s>^o); c) and d) rib waveguide {n^>n^>no) 



stood as an energy distribution inside the waveguide and two different modal 
profiles, as shown in Fig. 2, are analytical solutions of the Maxwell equations. In 
a waveguide both transverse electric (TE) and transverse magnetic (TM) modes 
can propagate. Although light is confined inside the waveguide, a part of it (eva- 
nescent field) travels through a region that extends outward, around hundreds 
of nanometers, into the medium surrounding the waveguide. This evanescent 
field is fundamental to assure the interaction of the waveguide modes with the 
external media, which is the principle of the sensing action. 

Optical waveguides with lateral confinement of light (x-direction in Fig. 2) 
are used for the development of integrated optical devices (lasers, modula- 
tors, couplers, etc.). Therefore, the strip geometry, or the so-called channel 
waveguide, is generally used. This lateral limitation in the light propagation can 
be achieved with an increment of the thickness or the refractive index of the 
core with respect to the adjacent media, as shown in Fig. 3, where some of the 
different types of such waveguides are presented. Fig. 3a depicts the case where 
the core (with refractive index n^) is embedded in a substrate with lower refrac- 
tive index, n^. Light can also be confined by depositing a raised strip (Fig. 3b) 
with a refractive index, Ht, lower than the core index, n^. Figure 3c shows the case 
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where the lateral regions adjacent to the core are completely eliminated, while in 
Fig. 3d the removal of the surrounding film is incomplete (rib waveguide). 

However for the use of the channel or planar waveguides in interferomet- 
ric biosensor applications, two main conditions must be satisfied: Monomode 
behaviour and high surface sensitivity. 



2.1 

Monomode Behaviour 

Due to the evanescent sensing principle employed in the sensors, the optical 
waveguides may be monomode. If several modes were propagated through the 
structure, then each mode would detect the variations in the characteristics 
of the outer medium and the information carried by all the modes would be 
subject to mutual interference. In channel waveguides, monomode behaviour 
depends on the core thickness, on the width and depth of the channel and on 
the index contrast, which gives the value of the core refractive index compared 
to that of the cladding as: 



We have two different cases: 

(a) If the difference of the core-cladding refractive index is very small (An low- 
er than 0.5%), it is possible to have monomode behaviour for core thickness- 
es in the order of several micrometers, dimensions comparable to the core 
of some commercial optical fibres (between 4 and 10 pm depending on the 
design wavelength), which implies low insertion losses. However, the clad 7 
ding is required to be thick enough to reduce propagation losses due to the 
penetration of the evanescent field into the substrate (Fig. 4). These require 
a longer fabrication process and the need to control accurately the refractive 
index. Depending on the thickness of the different layers, a cracking of the 




outer niediunt 
core 

-f — 

cladding 



Fig.4. Monomode optical waveguides: a) low index contrast (<5xl0‘^); b) high index con- 
trast (>10'0 




Fig. 5. Modal behaviour as a function of the height (h) and width (w) of the channel for A 
= 632.8 nm and TE polarization, a) low index contrast; b) high index contrast (see inset for 
the waveguide parameter details) 



structure can occur if the stress of each deposited layer is not controlled. For 
single-mode waveguides, the rib depth is of the order of a few micrometers, 
as shown in Fig. 5 (a) for a TIR waveguide with a core thickness of dc = 4 pm 
and an index contrast of An = 0.5%. 

(b) If the difference of the core-cladding refractive index is large (An higher 
than 10%), monomode behaviour is achieved with core thicknesses of hun- 
dreds of nanometers. Now, the cladding thickness can be decreased to a few 
micrometers due to the small penetration of the evanescent field into the 
cladding (Fig. 4). However, the rib depth must be around several nanome- 
ters for single-mode waveguides, as shown in Fig. 5 (b) for a TIR waveguide 
with a core thickness of = 280 nm and an index contrast of An = 40%. The 
main disadvantage of these types of waveguides is that the dimension of the 
rib depth can be of the same order of magnitude as the surface roughness, 
which implies a technological drawback in the fabrication process. 

A new alternative guiding structure has been proposed that offers single-mode 
behaviour with core dimensions of several micrometers (1-4 pm), rib param- 
eters of a few micrometers and cladding thickness even smaller than the core 
thickness [14]. This guiding structure, called ARROW (AntiResonant Reflecting 
Optical Waveguide), is a special multilayer waveguide where light is confined 
within the core by total internal reflection at the core-outer medium interface 
and by an antiresonant reflection (with a very high reflectivity of 99.96%) at the 
two interference cladding layers underneath the core. The refractive indices and 
thickness of these layers are designed in such a way that they behave as a Fabry- 
Perot resonator operating at its antiresonant wavelengths [15]. That is, for a giv- 
en wavelength, rays reflected at the cladding layers (Fig. 6) interfere construc- 
tively, leading to a high reflectivity coefficient. 

This structure is a leaky waveguide (it does not support guided modes) that 
has an effective single-mode behaviour, i.e., higher order modes are filtered out 
by loss discrimination due to the low reflectance of the interference cladding. 
Other important features of this structure are that it presents low losses for the 
fundamental mode, has polarization selective characteristics, that is, TM-polar- 
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Fig. 6. Channel ARROW structure 



ized light presents higher losses than TE-polarized light and there is a large tol- 
erance in the selection of the refractive indices and thickness of the cladding 
layers. 

ARROW structures, based on different materials, have been developed for 
several applications, mainly in the telecommunications and sensing fields [16- 
22 ]. 



2.2 

Surface Sensitivity 



For sensing purposes, the optical waveguide may be designed to assure high 
surface sensitivity which means that the sensor response for changes in the opti- 
cal properties of the outer medium must be as high as possible (Fig. 7). Surface 
sensitivity for processes that involve the adsorption of molecules is defined as 
the rate of change of the effective refractive index of the guided mode, N, as the 
thickness of the homogeneous molecular adlayer, varies [23,24]. This sensi- 
tivity is related to the squared field magnitude of the guided mode at the core- 
outer medium interface, considering a homogeneous adsorbed layer of refrac- 
tive index and thickness di (Fig. 7). Surface sensitivity can be expressed as a 
function of the power fraction in the evanescent field: 



c 

Mf ~ N 






yI~ 




Pt 



( 4 ) 



with Yi =kQ^jN^ -nf (i = o, i), where Hq is the refractive index of the outer 
medium, is the refractive index of the adsorbed layer, N is the effective refrac- 
tive index of the guided mode, Pq/Pj is the power fraction of the guided mode at 
the cover medium and is 0 for TE mode and 1 for TM mode. 

Therefore, for sensing applications the thickness and refractive indices of 
the waveguide layers must be designed in such a way that a large fraction of the 
guided mode travels through the outer medium. For TIR waveguides, maximum 
surface sensitivity is achieved for high refractive index contrast and core thick- 
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Fig. 7. Surface sensitivity: profile of the fundamental mode for a TIR waveguide. The frac- 
tion of the mode that travels through the outer medium (evanescent field) is indicated in 
the figure 



1.2- tm, 
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Fig. 8. Sensitivity enhancement for the ARROW structure as a function of the overlay 
thickness 



ness of hundreds of nanometers [23]. Up to now, the sensor with the highest sur- 
face sensitivity developed is based on an interferometric arrangement fabricat- 
ed using microelectronics technology [25], with a core refractive index of 2.00 
and a thickness of 100 nm. The corresponding value of the theoretical sensitivi- 
ty for this structure is Ss = 3.4x10"^ nm‘^ for TE polarization. 

In the case of ARROW structures, due to the high confinement of light within 
the core layer, surface sensitivity is expected to be lower than sensitivity for TIR 
waveguides. Although ARROW surface sensitivity can be increased by dimin- 
ishing the values of the core refractive index and thickness, the maximum values 
obtained differ between a factor 40 and 60 with the corresponding values of sen- 
sitivity for the TIR waveguides [26]. However sensitivity for ARROW structures 
can be increased by overcoating the surface of the sensor with a high refractive 
index thin layer [27, 28]. In Fig. 8, surface sensitivity is shown as a function of 
the high index layer thickness (with a refractive index of 2.00) for an ARROW 
structure with three values of core thicknesses and refractive index of 1.485. 
As can be deduced from Fig. 8, sensitivity is enhanced for an overlay thickness 
around 35 nm for TE polarization and 65 nm for TM polarization (consider- 
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ing that the refractive index of the outer medium is 1.33). Surface sensitivity is 
enhanced more than one order of magnitude with respect the ARROW without 
overlay. Maximum values of sensitivity for these ARROW structures only differ 
a factor 4 compared to the values obtained for TIR waveguides. 

3 

Principle of Operation of Interferometric Sensors 

In the interferometric arrangement (Fig. 9) two light beams of equal intensi- 
ty are made to travel across two areas of a waveguide (one is the sensor and 
the other is the reference) and finally they are combined, creating an interfer- 
ence pattern of dark and light fringes [29,30]. When a chemical or biochemical 
reaction takes place in the sensor area, only the light that travels through this 
arm will experience a change in its effective refractive index. At the sensor out- 
put, the intensity (I) of the light passing through from both arms will interfere, 
showing a sinusoidal variation that depends on the difference ATs,r of the effec- 
tive refractive index of the sensor (Neff,s) and reference arms (iVeff,R) and on the 
interaction length (L) : 

In 

(5) 

where A is the wavelength. This sinusoidal variation can be directly related to 
the concentration of the analyte to be measured. 

Interferometric sensors have a broader dynamic range than most other types 
of sensors and also show higher sensitivity than other integrated schemes [2]. 
Several of these have been described in the literature [29-37]. The type of inter- 
ferometer that is most commonly employed for biosensing is the Mach-Zeh- 
nder device. An attractive aspect of this device is the possibility of using long 
interaction lengths, thus increasing the sensitivity of the device. Interferometric 
devices offering a refractive-index resolution of 10'^ or even better, have been 
described [31]. 

A theoretical study shows that the Mach-Zehnder interferometer sensor 
seems to be one of the more promising concepts [30] for detection of low con- 
centrations of small molecules without labels (10'^^ M or even lower).The main 
problem in the development and possible commercialization of the MZI device 
is the complexity of the design, fabrication and optical adjustments. The overall 



L 




Fig. 9. Mach-Zehnder interferometer configuration 
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procedure for MZI fabrication is rather laborious and monomode waveguides 
are required increasing, even more, the complexity of the technology. 

Using a conventional total internal reflection planar waveguide structure 
a Mach-Zehnder interferometer sensor has been developed for immunologi- 
cal purposes with a sensitivity of 10'^ nm in the thickness of the adsorbed lay- 
er (which correspond to an adsorbed molecular layer of 1 pg.mm'^). Using inte- 
grated channel waveguides and for monomode behaviour the height of the 
waveguide (rib) has to be less than 3 nm, making the fabrication and testing of 
this device quite complicated. 



3.1 

Technology of Fabrication 

The materials more commonly used for the fabrication of the waveguides, 
the main structure of the interferometric devices, are: glass, silicon and relat- 
ed materials, polymers, lithium niobate and III-V compounds. Mainly glass 
and silicon have been used as substrate materials. Glass has been widely used 
because it is inexpensive and allows simple techniques of fabrication such as 
ion-exchange that gives low-loss optical waveguides. In the ion-exchange tech- 
nique the metallic ions that compose the glass are replaced by other ions, like 
K+, Ag"^ or Cs"^. The exchange process take place in a molten saline solution, at 
temperatures between 200 and 300 °C, where the glass substrate is soaked. The 
optical waveguides are defined using metallic masks deposited on the glass sur- 
face, which are removed after the diffusion process. The refraction index could 
be modified between 0.01 and 0.1 units using the appropriate combination of 
ions. The technique described here makes use only of heat to produce the ion 
exchange, thus it is a very slow process. To enhance the exchange rate an electri- 
cal field is used as activator of the exchange process. 

Silicon is an unique material as substrate due to its mechanical, chemical and 
electronic characteristics. Both silicon and its compounds have been applied to 
obtain components. Silicon oxide and silicon nitride are the most widely used 
materials in integrated optics, due to their transparency in the working wave- 
lengths range and to their amorphousness, being structurally homogeneous. 
Using thin film techniques and combination of all these materials, different 
waveguide structures have been obtained which have been used for simple opti- 
cal components with good optical performance. 

To obtain a structure that is able to confine and transmit a light wave, a 
sequence of steps involving deposition or growth of a thin film on the substrate 
surface, outlining of the component pattern, and, finally, transfer of the pattern 
into the growing layer, defines the basic processes that are used in any optical 
technology for interferometer fabrication, i.e. deposition, photolithography and 
etching. Among the techniques usually used for waveguide fabrication are ion- 
exchange, spin or dip-coating, chemical vapour deposition and plasma polym- 
erisation [30]. 

In the silicon-based technology, fabrication of the devices is based on stand- 
ard microelectronics silicon technology such as wet and dry etching, photoli- 
thography and chemical vapor deposition (CVD). The CVD techniques allow 
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a high control of the waveguide layer homogeneity, both in thickness and in 
refractive index profile. Several materials can be used as core and cladding, 
such as silicon nitride, phosphor-doped silicon dioxide, non-stochiometric sil- 
icon dioxide or silicon oxynitride. Silicon technology also offers the possibility 
of integrating sources, detectors and electronics on the same chip (hybrid inte- 
gration) and the possibility of batch-wise mass-production at low cost. For the 
processing of the waveguides usually special installations are required (mainly 
Clean Room facilities) which makes the access to working with this type of sen- 
sor more complicated [30]. 

4 

Types of Interferometer Devices: State-of-the-Art 

The waveguides described up to now have been used for the development of 
interferometric sensors. The interferometric devices can be divided into two 
groups, the multiple-beam and the two-beam interferometers. One aspect com- 
mon for all the interferometric devices is the problem of light coupling [29] into 
the waveguide for performing any biosensing process. There are three common 
methods for light coupling: prism-coupling, end-fired and grating coupling 
[30]. The advantages and disadvantages of each method depend on the applica- 
tion but end-fired is the most widely used one, mainly when integrated devices 
are used. On the other hand, for planar interferometric devices, grating coupling 
is the preferred method [29]. 

4.1 

Fabry-Perot Interferometer 

The first group (multiple-beam) is represented by the Fabry-Perot interferom- 
eter (FPI). The integrated optical FPI is formed by a straight monomode chan- 
nel waveguide. The waveguide end-faces form the resonant mirrors, although 
dielectric coatings can be deposited to increase the reflectivity. The guided light 
is reflected forwards and backwards and at every reflection, part of the guided 
light is coupled out (Fig. 10). 




Wa\cguidc 





Mirror 



Fig. 10. Fabry-Perot interferometer 
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The resulting transmission curve of the device is given by the Airy function: 



Po 



(l-jR)^+4i^sin^<J> 



(6) 



where Pq and Pt the incoming the reflected beams and R is the reflectivity of 

the mirrors. The interferometer phase is given by: 

= ( 7 ) 

where L is the waveguide length, A is the wavelength and Neff is the effective 
refractive index of the guided mode. The main disadvantage of this sensor is the 
high sensitivity towards temperature changes due to thermal expansion of the 
substrate. However, a reference FPI can be integrated close to the sensing FPI for 
the correction of temperature effects. An interferometer of this type has been 
proposed as refractometer [38]. 



4.2 

Mach-Zehnder Interferometer 

The most widely used two-beam interferometer is the Mach-Zehnder interfer- 
ometer (MZI). In a Mach-Zehnder interferometer (MZI) device the light from a 
laser beam is split by a Y-junction into two identical beams that travel along the 
two MZI arms (sensor and reference areas) and are recombined into a mono- 
mode channel waveguide giving a signal which is dependent on the phase dif- 
ference between the two beams. Any change in the sensor area (in the region of 
the evanescent field) produces a phase difference (and therein a change of the 
effective refractive index of the waveguide) between the reference and the sen- 
sor beam and thus in the intensity of the outcoupled light. 



4.3 

Planar Versions 

In the planar versions of the MZI, a single light beam is used to address multiple 
sensing elements on a microfabricated optical chip. Several types of planar MZI 
have been described and evaluated [31-35]. This simplified device is formed 
by a slab waveguide where the sensing and the reference areas are defined by 
lithography. Depending on the version the light is coupled to the device by end- 
fire [31, 32] or by gratings [29, 34, 35] (Fig. 11). The beams at the output are 
recombined using a lens and a beam-splitter. A microscope objective is used to 
expand the pattern onto the detector. 

In the different types of designs, the basic optical chip structure is made 
with silicon technology. In the MZI of Heideman [30, 33] the planar monomode 
waveguide is fabricated with standard (Si/Si 02 /Si 3 N 4 /Si 02 ) technology, where 
the thickness of the Si 3 N 4 waveguide is 90 nm, with a width of 1 mm and a length 
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Fig 11. Planar configurations of MZI biosensor devices with (top) two grating coupling 
configurations (bottom) end-fire coupling configuration 



of 10 mm. Two versions of the device with end-fire and with grating for light 
coupling have been fabricated and evaluated. With this sensor, a detection limit 
close to 0.1 pg/mm^ has been achieved. 

In the MZI of Hartman [34], the waveguide is made of Si 3 N 4 (140 nm thick) 
deposited onto a BK-7 glass. Grating couplers were used for light in- and out- 
coupling. The sensor and reference areas are 15 mm long and 1 mm wide, sep- 
arated by a 1-mm gap. With this sensor, a detection limit close to 1-5 pg/mm^ 
has been achieved. 

Another interesting development is the planar polarisation interferom- 
eter [36, 37]. In this device, instead of having two waveguiding arms (the sen- 
sor and the reference), two orthogonal TM and TE modes, propagating through 
the waveguide, are employed. The two polarisations are coupled by rotating the 
laser by about 45°. Both polarisations propagate across the waveguide, but the 
TM mode experiences a larger phase change than the TE mode, and thus the TE 
mode is used as reference. 

The response of the device is the phase shift between TM and TE modes, as 
the phase difference between the two modes depends on the interaction of the 
evanescent wave with the outer medium. At the signal output, both modes are 
separated using beam splitters, Wollaston prisms or polarisers. The final signal 
can be acquired using photodetectors or a CCD camera. The ellipticity of the 
polarised light at the output is related to the chemical or biochemical interac- 
tion on the sensor surface, and this effect can be exploited for their monitoring. 
With this device mechanical and thermal noise are minimised. In order to attain 
a high sensitivity the waveguides must be designed to maximize the difference 
in sensitivity between the two modes. 

In the Zeeman polarimetric interferometer [37], the device is excited by 
using a Zeeman laser and thus two frequencies are generated (usually separated 
250 kHz). The phase difference which is generated when there is a biomolecular 
interaction is measured at the output. The 250 MHz frequency sine wave, gen- 
erated in the recombination of the two modes, is measured and compared with 
the reference one from the laser. 

The main disadvantage of this type of polarimetric device is that the TE 
mode (used as reference) is not completely insensitive to the specific binding 
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events and the magnitude of the response between both modes is decreased. In 
some cases, this decrease can be as high as 50%. On the other hand the polar- 
imetric biosensor cannot distinguish between a bulk refractive index change 
and a specific interaction event. Some attempts have been made to overcome 
all these problems [29]. A detection limit of 2 pg/mm^ can be achieved with this 
type of device. 

Another interesting device is the side-by-side or multianalyte planar MZI 
[29, 35]. This design has thirteen interferometers on a single chip (1x2 cm). 
Light from a laser is launched into the chip using a broad grating, all interfer- 
ometers being excited at once. The waveguides are made of Si 3 N 4 deposited 
on glass. The channels are defined by using patterned thick Si02. The channels 
are also defined by the receptors immobilised onto the waveguide surface rath- 
er than by the beams themselves. The output beams are recombined and the 
resulting interference pattern is coupled out using another broad grating and 
analysed using an array detector. 

4.4 

Integrated Versions 

One of the major disadvantage of planar interferometers is the need for multiple 
optical components, which have made these devices available only as laborato- 
ry prototypes. For further development as portable devices, integrated schemes 
must be introduced. Integrated optical interferometric devices combine high 
sensitivity with compactness, simple instrumentation and high degree of batch- 
production. These structures are well suited for integration of optical and elec- 
trical functions onto one substrate (chip). 

An integrated version of a MZI can be seen in Fig. 12. If the optical 
waveguides that form the MZI are monomode and the light source is mono- 
chromatic, then the amplitude of the optical field at the divis or output becames 
for one of the branches and for the 

other, where Eq is the input optical field, a\ is the transition loss at the Y-junc- 
tion and k\ is the coupling coefficient of the divisor. Light propagates with cer- 
tain optical losses Ps and associated with the sensor and reference paths, 
respectively. Over this distance, light will experience a phase shift 0s and 0r in 
each one of the arms, where 




Fig. 12. Integrated Mach-Zehnder interferometer 
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Fig. 13. Combination of two out-of-phase modes at the Y-junction output 



0s,r=^-^s,r-i (5) 

with Afs,r the effective refractive index of the guided mode, A the wavelength and 
L the interaction length. 

When both beams recombine in the output coupled (Fig. 13), the combina- 
tion of two out-of-phase beams will excite higher order modes in the output 
optical waveguide of the device. However, as the waveguides have been fabricat- 
ed as monomode, the modes higher than the fundamental will be radiated out 
of the output coupler. 

Knowing the coupling coefficients of the divisors, the Y-junction losses and 
the propagation losses of the interferometer arms, it is possible to establish a 
direct relation between the output signal variation and the phase shift produced 
in one of the branches with respect to the other. The fringe visibility ( V) of the 
interferometer is defined as: 

y _ -^MAX ^MIN 
^MAX+^MIN 



where /max and /min are the maximun and minimun detected intensity. In the 
design of MZ interferometers it is very important to have maximum contrast in 
the output signal, which means that the visibility factor should be close to unity. 
If we consider the case where both Y-junctions are symmetric and they have the 
same coupling factors and the same losses, equation 6 will take the form 

ft 

If the divisors are designed symmetrically, the coupling factor and the Y- 
junction losses only depend on the fabrication processes of the devices. The 
development of most of the interferometric biosensors is based on microfabri- 
cation techniques, which implies that with an appropriate control of these proc- 
esses and considering the small dimensions of the devices (usually in the order 
of a few millimetres), the couplers are fabricated under the same conditions and 
their characteristics can be considered to be equal. With these considerations, 
the visibility factor gets its maximum value (V = 1) for a coupling factor k = 0.5 
or 3 dB (that is, the intensity at the two coupler outputs is the same). Figure 14 
shows the transmission curve of a device for different visibility factors. 
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Phase shift, AO 

Fig. 14. Transmission curve of the Mach-Zehnder interferometer for different visibility fac- 
tors 



Moreover, V depends on the propagation losses at the two interferometer 
branches and, considering the real case of a non-monochromatic source, it 
will also depend on the spectral width of the source (A/) and on the phase shift 
between the two interferometer arms (A(^ - ^s) [30, 31]: 

y oc exp(A/ • A^) (8) 

Therefore, to obtain a maximum visibility factor, it is necessary to have a 
well-balanced MZI sensor, which is achieved with the design of identical inter- 
ferometer branches. 

Due to the periodicity of the output MZI signal, the detected intensity varia- 
tion is not proportional to the measurand and, therefore, it is necessary to devel- 
op a signal processing scheme to overcome this disadvantage. There are three 
main problems associated with the non-linearity of the output signal: 

1. ambiguity of the signal: it is not possible to determine accurately the phase 
shift from the output intensity because it is the same for integer multiples of 
7T. For the same reason, it is not possible to deduce the direction of the phase 
change. 

2. intensity fluctuations of the light source may be misinterpreted as phase 
changes of the interferometer. 

3. signal fading: depending on the initial phase shift value between the two 
interferometer branches, the output MZI signal will be at a certain point 
of the transmission curve. If the interferometer is tuned close to one of the 
extreme values of the transmission curve, small phase changes will generate 
low intensity variations. However, the interferometer sensitivity reaches its 
maximum value if the interferometer is tuned close to the quadrature condi- 
tion (Fig. 15). In this point, the MZI response also varies with the visibility fac- 
tor because the slope of the transmission curve increases with the value of V. 

The problems with the periodicity of the interferometer signal output can be 
solved by generating several intensity values associated with different transmis- 
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Phase shift, 

Fig.15. Signal fading at extreme values of the transmission curve 




Fig. 16. Some details of one MZI sensor, (left) Y-junction of R= 5mm and (right) sensor and 
reference areas 



sion curves, shifted by constant phase values with respect to one another. By the 
use of simple arithmetical operations, the phase is derived correctly within a 
single interference period. In the MZ interferometer, the generation of more sig- 
nals requires a modification of the structure, substituting the output divisor by 
a 3x3-coupler. The three output waveguides provide signals with a phase differ- 
ence of 120° with respect to each other [39]. 

Another alternative consists of tuning the interferometer phase by incorpo- 
rating a modulation system. Using different operation principles (electro-optic 
effect, thermo-optic effect, etc.) a phase change is induced in one of the MZI 
branches with respect to the other by applying an external signal in such a way 
that the interferometer can be tuned to the quadrature condition [40, 41]. 

Several configurations of integrated MZI have been developed [22, 25, 39, 
42-48]. Most of them are based on silicon or silicon-on-glass technology. An 
AntiResonant Reflecting Optical Waveguide (ARROW) has been also used for 
the fabrication of an integrated MZI sensor. The attractive characteristics of the 
ARROW technology were discussed above. Some details of one of the ARROW 
MZI interferometers fabricated are shown in Fig. 16. 



4.5 

Young Interferometer 

The Young interferometer is a type of two-beam interferometer. It uses an inte- 
grated optical Y-junction acting as a beam splitter, as shown in Fig. 17 [49, 50]. 
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Fig.l7. Young interferometer 



It is a variant of the integrated Mach-Zehnder interferometer as the sensor and 
the reference arms are not recombined inside the structure but the light coming 
out from the two arms is made to interfere at the output. Light is end-coupled in 
the device. At the output of the sensor, the light emitted in the form of two cones, 
which superimpose and produce an interference pattern. The intensity distribu- 
tion is detected by a detector array. 

The light coupled out of the two branches generates an interference pattern 
on a screen or CCD detector with a cosine intensity distribution function. The 
phase difference of the two interfering rays is given by: 




d-x 

T 



(^eff,S -^eff,R) 



\ 

L 



{ 12 ) 



where d is the distance between the two branches,/is the distance between the 
output sensor and the screen and x denotes the position on the screen. In one 
of the arms (sensor arm) and during a certain interaction length L, a change in 
the optical characteristics of the outer medium is induced, which produces a 
variation in the effective refractive index in one arm respect to the other (Neff,s 
- r)- Under the influence of the adsorption of biomolecules on the sen- 

sor branch the fringe pattern moves laterally. One disadvantage of the Young 
device is the distance from the output to the detector required for maximum 
resolution. The advantages of this type of interferometer includes the simplic- 
ity of the arrangement, the detection of complete intensity distribution and 
the identical length of the arms which avoids side effects arising from temper- 
ature and wavelength drifts. The interferometer must be designed in a sym- 
metric fashion. 

A Young interferometer biosensor [49] has been fabricated using resistive 
waveguides, made by an optimised PECVD process. The films are made of sil- 
icon oxynitride, with refractive index of 1.57 and thickness of 400 nm. Lateral 
structuring has been carried out by wet chemical etching. The waveguide width 
is about 3.5pm. With this device a theoretical detection limit of 9x1 0‘^ in the 
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effective refractive index can be achieved and an experimental limit of 50 ng/mL 
of proteins has been measured. 

A comparison of the different interferometric devices developed until now 
and their sensitivities is summarised in Table 2. In this Table, the factor F is the 
mass coverage of the surface, which is a measure of the adsorbed mass per unit 
surface area. 



Table 2. Interferometric devices developed to date 



Device 


Limit of Detection 

ANeff Mass coverage (F) 


Technology 


Reference 


Planar-MZI 
(with grating) 


4x10-8 


1 pg/mm^ 


Si 


33 


Planar MZI (end- 
fire) 


= 10-8 


0.1 pg/mm^ 


Si 


31,32 


Planar MZI 
(double grating) 


= 10-8 


0.5-1 pg/mm^ 


Glass/Si 


34 


Planar MZI 
(multi-grating) 


= 10-8 


- 


Glass/Si 


29 


Planar polarisation 
interferometer 


5x10-8 


2 pg/mm^ 


Glass/Si 


36 


Integrated MZI 
(end-fire) 


5x10-5 


0.1 ng/mm^ 


Si 

(rib = 2 nm) 


25 


Integrated MZI 
(3x3 coupler) 


4x10'^ 


4 pg/mm^ 


Ion-exchange glass 


39 


Integrated Young’s 
Interferometer 


9x10-8 


0.7 pg/mm^ 


Si 


49,50 


Integrated-MZI 


= 10-^ 


10-20 pg/mm^ 


Si 

(rib = 55 nm) 


44,46 


Integrated-MZI 

ARROW 


4x10-7 


15 pg/mm^ 


Si 

(rib = 2.5 pm) 


22 


Integrated MZI TIR 


7x10-8 


- 


Si 

(rib = 2-3 nm) 


42 


Integrated MZI 


= 10-7 


- 


III-V 

Replicated polymer 


47 


Integrated MZI 


5x10-8 


— 


Si 

(rib = 0.7-2 nm) 


48 



r is calculated according to the following equation: 
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5 

Surface Functionalization for Biosensing 

For sensing purposes, a layer of receptor molecules capable of binding the analyte 
molecules in a selective way, has to be previously immobilised at the sensor sur- 
face of the interferometer biosensor. Complementary analytes flowing over the 
surface can be directly recognised by the receptor through a change in the optical 
properties of the waveguide. In this way, the interacting components do not need 
to be labelled and complex samples can be analysed without purification. 

The immobilisation of the receptor molecule on the sensor surface is a key 
factor for the performance of the sensor. The chosen immobilisation method 
must retain the stability and activity of the bound biological receptor. General- 
ly, direct adsorption is inadequate, causing significant losses in biological activ- 
ity and random orientation of the receptors. Despite these difficulties direct 
adsorption is widely employed since it is simple, fast and does not require spe- 
cial reagents. 

Surface chemistries for stable and defined binding of the molecular receptors 
have been developed based on affinity immobilisation and/or covalent bonding. 
In the affinity bonding, a high affinity-capture ligand is non-reversibly immo- 
bilised on the sensor surface; for example streptavidin monolayers using then 
biotinylated biomolecules for recognition. Another approach is to form a Self- 
Assembled Monolayer (SAM) of alkylsilanes and then the receptor can be cou- 
pled using the end of the SAM via a functional group (-NH 2 , -COOH,...). 

The use of a polymer matrix maximizes the interaction volume probed by the 
evanescent field, increasing greatly the surface capacity and therefore the sen- 
sitivity of the device. The carboxymethyldextran hydrogel approach has been 
widely used [30]. The receptor molecules are attached to flexible dextran chains 
and are freely accessible in a three-dimensional space, thus minimizing steric 
hindrance and increasing the sensitivity. A variety of surface activation chem- 
istries can be used to couple the receptor to the hydrogel via amine, thiol, disul- 
phide or aldehyde groups. 

After the immobilisation of the receptor layer, the surface must be backfilled 
with an inert protein in order to prevent non-specific binding as much as possi- 
ble. This is not a simple task and different procedures have been employed. The 
object is to make the reference channel as much equivalent to the sensor area 
for sensing only the specific binding event for which the interferometer has been 
designed. 

6 

Environmental Applications 

Although all the developments in MZI devices have been made with the aim of 
achieving direct detection of small molecules, such as environmental pollutants, 
until now only two interferometric sensors have been used for environmental 
applications [51,52]. 

A planar MZI using end-fire [51] was used in a competitive assay for atrazine, 
with a detection limit of 0.1 ppb. An atrazine hapten is synthesised and cova- 
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Fig. 18. Atrazine MZI measurements compared with a parallel ELISA. Pesticides samples 
were premixed for one hour with 1x10'^ M monoclonal antibodies specific to atrazine. A 
Langmuir model was fitted to the results 



lently attached to the sensor surface. The liquid sample is introduced over the 
sensor using a flow system. Then, the atrazine antibody is introduced. The dis- 
solved atrazine competes with the bound atrazine hapten for the antibodies. If 
there is no atrazine in the sample, then all the antibody will be attached to the 
atrazine hapten and the signal will be high. When atrazine is present in the sam- 
ple the signal will decrease for increasing concentrations. In Fig. 18 atrazine 
measurements with the MZI device are shown. This sensor detects down to 0. 1 
pg/L or 0.1 ppb of atrazine. The sensor surface can be regenerated without loss 
of activity and re-used for several analyses. 

The integrated sensor with 3x3 coupler has been also used for simazine 
determination [52] through a competitive assay, where the limit of detection 
was found to be 0.1 ppb. 

7 

Future Trends 

There is still a need for sensors that are able to detect very low levels of a great 
number of chemicals and biochemicals in the areas of environmental monitor- 
ing, industrial and food processing, health care, biomedical technology, clinical 
analysis, etc. In the environmental field the demand for new sensors is increas- 
ing continuously due to the strict legislation and control being introduced to 
improve living standards through waste management and remediation pro- 
grams, for example. 

Ideally, evanescent wave sensors must have a very high sensitivity and selec- 
tivity, a broad dynamic range, immunity to matrix effects, must be capable of 
simultaneous multianalyte determination and must be fast, reversible, stable, 
simple to operate, robust, cheap and of small size (for making a portable system 
for spatial mapping over large or remote areas). 

To reach all the objectives described above, future research and development 
in optical evanescent wave interferometric biosensors will need to focus on the 
following key points: 




248 L. M. Lechuga, R Prieto, B. Sepulveda 



(1) Integration: Mass-production of sensors will be possible using integrat- 
ed optics with the fabrication of miniaturised devices integrating the electronics 
and optics (sensor-on-a-chip in which the light source, photodiodes and sensor 
waveguides are combined on a single semiconductor package), the flow system 
and the reagent deposition (by ink-jet, screen-printing or other technology). 
A complete system fabricated with integrated optics will offer low complexity, 
robustness, a standardised device, portability. 

(2) New receptors: Biological receptors can include chemically and genetical- 
ly modified enzymes, new types of antibodies with high affinity and selectivi- 
ty for small molecules, natural or artificial receptors or complex biological rec- 
ognition elements. 

(3) Multianalyte detection: Multianalyte capability is required in environ- 
mental screening, with thousands of samples per year to be analysed. Direct 
optical detection with evanescent wave sensors could be a possibility but a par- 
allel detection of as many sites as possible is necessary. 

(4) High sensitivity. Improved limit detection must be achieved for most of 
the applications as for example in the environmental field. 
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Fibre Optic Sensors for Humidity Monitoring 
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1 

Introduction 

Humidity is a term that refers to water vapour, i.e. water in gaseous form [1]. 
It plays an important role in the maintenance of human comfort as well as in 
many technological applications, agriculture, manufacture of moisture-sensi- 
tive products, storage areas, meteorology, automobiles, medical control, and so 
on, among other activities, some of which are represented in Table 1. 



Table 1. Applications of humidity sensors [1-5] 



Industry 


Application areas 


Temperature 
range (°C) 


Relative humidity 
range (%) 


Domestic electric 


Air conditioners 


5-40 


40-70 


appliances 


Cooking control 


5-200 


0-100 




Drying of clothing 


80 


0-40 


Medical equipment 


Respiratory 


20-30 


80-100 




Sterilizers 


>100 


0-100 




Incubators 


10-30 


25-30 




Pharmaceuticals 


20-25 


20-40 


Industry 


Paper manufacture 


10-30 


50-100 




Textiles 


10-30 


50-100 




Printing 


20-25 


90 




Ceramic powders 


5-100 


0-50 




Electronic parts 


5-40 


0-50 


Alimentary 


Dried foodstuffs 


50-100 


0-50 




Fruit storage 


-1-1 


75-85 




Chocolate covering 


16-17 


50-55 


Agriculture 


Greenhouse 


5-40 


0-100 




Cereal stocking 


15-20 


0-45 




Protection of plantations 


-10-60 


50-100 


Automobile 


Car-window demisters 


-20-80 


50-100 




Motor assembly line 


17-25 


40-55 


Others 


Soil humidity 


5-30 


0-90 




Book storage 


17-20 


38-50 




Photography 


20-25 


50-70 
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Water vapour is a part of the earth’s atmosphere so that the effect of humid- 
ity in the aforementioned areas needs to be monitored and, in many cases, con- 
trolled to avoid undesirable processes. 

2 

Definitions 

Humidity can be defined as the concentration of water molecules in the atmos- 
phere [2]. This concentration is usually low and the evaluation of the water 
vapour content of gaseous atmospheres, i.e. hygrometry (from the Greek 
“hygros”, meaning moist), may become a complex task and “no one solution 
will meet all the requirements at all times and in all places” [2]. One of the main 
difficulties associated with the determination of this parameter in the environ- 
ment lies in the wide range of conditions in which the measurement has to be 
done. The water vapour content in the atmosphere may change from values in 
the order of several percent at the earth’s surface to parts per million in the strat- 
osphere. At the same time, the ambient pressure drops several orders of magni- 
tude and the temperature varies within a range of 100 K in the atmosphere. 

Several parameters have been used to evaluate the humidity of a sample [1, 
3,4]. 

The absolute humidity (g m'^) or water vapour density, is expressed as the 
ratio of the mass of water vapour contained in a given volume of air. The specif- 
ic humidity, q (g kg'^), is defined as the ratio of the mass of water vapour (m^) to 
the total mass (m^ + = mass of air and W = mjm^) (Eq. 1): 

W 

+ W-rl 

The water vapour content can also be expressed as parts per million by vol- 
ume, ppmv, representing the volume of water vapour per total volume of gas (for 
an ideal gas). This parameter is also known as the mixing ratio by volume, or 
the volume ratio. 

The parts per million by weight or mixing ratio (ppm^) can be obtained by 
multiplying ppmy by the ratio of the molecular weight of water to that of air (18/ 
29). Sometimes the ppmw is used to express the amount (mass) of water vapour 
relative to the total dry gas and, in other cases, it indicates the amount relative to 
the total moist gas. The mixing ratio and the specific humidity are the measured 
units when water vapour is an impurity, or a defined component of a gas mix- 
ture, in a manufacturing process. 

The vapour pressure is another measurement of the water vapour content of 
air expressed in terms of the partial pressure of the water vapour in air. 

The relative humidity, rh, is defined as the ratio of the partial pressure of 
water vapour present in the gas, pw> and the saturation vapour pressure of the 
gas at a given temperature, ps- h is expressed as a percentage (Eq. 2). 

r,,(o/o) = i^xl00 
Ps 



(2) 
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Relative humidity is the parameter most commonly measured in hygrometry, 
mainly in applications related to human comfort (indoor air quality) and out- 
door air issues. 

The dew point represents the temperature (above 0 °C), Ta (°C), to which the 
air must be cooled (at constant pressure) to become saturated with respect to 
liquid water. The frost point is the temperature (below 0 °C), Tp (°C), to which a 
volume of gas must be cooled to become saturated with respect to ice. The dew 
point is used as an indicator of the water vapour content at high temperatures 
and both the dew and the frost points are evaluated when the dryness of a gas 
is important. 

The wet bulb temperature is another parameter used for humidity evalua- 
tion. When a stream of unsaturated air passes over the surface a wet thermome- 
ter bulb, an equilibrium temperature is attained at which the rate of heat trans- 
fer from the air to the wet surface, by convection and conduction, equals the rate 
of heat lost by the wet surface in the form of latent heat of vaporization. 

3 

Measurement of Humidity 

Commercially available hygrometers can be classified in different ways [6]. 
Depending on the evaluated parameter (relative humidity, dew/frost point tem- 
peratures, or trace moisture determinations), and the transduction mechanism 
the most widely used humidity sensors can be divided into the following groups 
[1-4, 7, 8]: 



3.1 

Relative Humidity Monitoring 

Relative humidity measurements can be carried out using psychrometers, 
mechanical or electric hygrometers. None of these devices can be considered 
perfect for all applications. On the other hand, since there are not many cali- 
bration devices accurate enough for humidity generation and measurement it 
is sometimes very complicated to confirm the accuracy of a humidity determi- 
nation [1]. 

3 . 1.1 

Psychrometers 

A psychrometer is a device based on the change in temperature due to the cool- 
ing effect of water evaporating into the air. A typical psychrometer consists of 
two thermometers, one of them with the bulb covered with a cotton wick satu- 
rated with water, placed in a reservoir (the “wet-bulb”. Fig. 1) and the other in 
contact with the ambient air (the “dry-bulb”). In modern psychrometers, the 
wet-bulb is made of a porous ceramic. During operation, a gas stream passes 
over the wick at an appropriate flow rate and the water evaporation cools the 
wetted thermometer, the temperature of which will be lower than ambient 
(measured by the dry-bulb). The humidity value will be obtained by comparing 
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Thermometers 




Fig.l. Psychrometer 



the wet and dry bulb temperatures with the aid of a psychometric chart. If all 
the relevant parameters are known, the temperature depression will be directly 
related to the heat of evaporation of water, and an absolute determination of the 
water vapour pressure of the gas will be obtained. 

The temperature measurement can be performed with mercury or resistance 
thermometers, thermocouples, bimetal thermometers and thermistors. For 
atmospheric humidity measurements a simple device can be used which con- 
sists of a wet and dry-bulb thermometers mounted on a sling (sling pyschrom- 
eter) that is manually whirled to attain the desired velocity of the air across the 
bulb. One of the main limitations associated with the use of this device is the 
difficulty of maintaining the appropriate evaporation rate. In order to solve this 
problem, in the Assman psychrometer a spring-powered fan provides a constant 
airflow rate past the bulbs. 



3 . 1.2 

Mechanical (Displacement) Hygrometers 

This group includes those sensors which are based on a mechanical transduc- 
tion principle. This is probably the oldest method applied to humidity monitor- 
ing (Saussare, XVIIth century). In this case a strain gauge or other mechanism 
is used to evaluate the expansion or contraction of a material as a function of 
humidity changes. Materials such as human hair, cellulose or nylon are used for 
this purpose (Fig. 2). 
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Fig. 2. Hair hygrometer. Humidity is measured by recording the changes in the length of 
hair (human, horse..). The hair expands as humidity rises and contracts when it decreases 



3.1.3 

Electric Hygrometers 

This group include sensors that measure the change in electrical properties 
(capacitance, resistance) of a porous layer as a function of the relative humid- 
ity. These devices must be calibrated against a primary standard (gravimetric 
hygrometer) or a fundamental system. The materials used to manufacture these 
sensors can be divided into three groups: electrolytes, organic polymers and 
porous ceramics [8,9]. Capacitive sensors are based on the dielectric changes 
of a thin film when the material absorbs or desorbs moisture from the environ- 
ment. The resulting change causes a capacitance variation that in turn provides 
an impedance that will vary with humidity. The nature of the sensitive materi- 
al and the geometry of the sensor have a considerable impact on the properties 
of the device. The former is usually very thin to allow maximum sensitivity and 
short response and recovery times. Resistive humidity sensors are devices that 
also transduce air humidity into an impedance change that can be measured as 
a current, a voltage or a resistance. These sensors can be further subdivided into 
ionic and electronic conduction types. 

Electric hygrometers are secondary devices, since they do not measure any 
fundamental property of the water vapour. They are prone to signal drifts due, 
for instance, to contamination or temperature effects and require frequent re- 
calibration or even sensor replacement. Nevertheless, they are broadly applied 
nowadays due to their simplicity and low cost. 



3.2 

Dew Point Sensors 

Dew point detection can be accomplished by visual, optoelectrical, electrical, 
ratiometric or gravimetric techniques. Dew point hygrometers based on lithium 
chloride, ceramic or silicone-based materials have been reported. In these cases, 
a sensitive material showing a sudden change in its properties above 90% rela- 
tive humidity should be employed [2]. 
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3.2.1 

Chilled Mirror (Optical Condensation) Hygrometers 

This device provides the most accurate method for dew point measurements 
and it is used as a primary standard. However, it requires maintenance by skilled 
personnel and is an expensive instrument. In some cases these instruments are 
referred to as “optical” hygrometers; nevertheless these devices are not based on 
a spectral absorption type principle (see below). The instrument consists basi- 
cally of a mirror-like metallic surface artificially cooled. The cooling of the sur- 
face may be accomplished by evaporation of a solvent of low boiling point, such 
as ether, by vaporisation of a condensed permanent gas (e.g. carbon dioxide or 
liquid air) or by a stream of water at controlled temperature. The mirror is illu- 
minated with a light source and the water condensation is optically detected by 
monitoring the reflectivity. When dew forms on the mirror surface the light will 
be scattered, decreasing the signal at the detector. The temperature of the mir- 
ror is carefully controlled to maintain equilibrium between condensation and 
evaporation of water as the humidity changes (Tdew)* In the cycling chilled mir- 
ror dew point hygrometers the mirror temperature is cycled and kept at the 
dew point for only a short time until the correct formation of dew is detected; 
after that, the temperature of the mirror is increased and the dew on the surface 
is evaporated. In this way the mirror contamination is considerably decreased 
since its surface is kept dry most of the time. This method is especially useful 
in cold climates where the humidity levels are low (mountain, polar measure- 
ments). 



3.2.2 

Optical Absorption Hygrometers 

These devices are based on the measurement of the electromagnetic radiation 
absorbed by water vapour in the infrared (bands centred at 2.7 and 6.3 pm) or 
ultraviolet regions. The latter kind of instrument is known as the Lyman-Alpha 
hygrometer, indicating the absorption of the specific line in the ultraviolet spec- 
trum at 121.56 nm. 

These instruments have been used mainly for certain highly specialised envi- 
ronmental measurements and are very useful for tracking fast humidity fluctu- 
ations, for instance, on board aircraft carriers, in chimney smoke or during sand 
storms, but their broad use is still very limited. They are secondary measuring 
devices and must be periodically calibrated. 



3.3 

Measurement of Trace Moisture 

The aluminium oxide and the silicon oxide capacitive hygrometers have been 
used for this type of measurements. Other devices specially suitable for this pur- 
pose include: 
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3.3.1 

Mass Sensitive Devices (Gravimetric Method) 

This method is particularly useful for the evaluation of water vapour in the low 
ppm region. A known quantity of gas is passed over a desiccant material, such as 
calcium chloride or phosphorus pentoxide, and the increase of weight is related 
to the moisture content of the sample. It is accepted as one of the most accurate 
techniques for humidity measurement although it is time consuming and not 
useful for day-to-day measurements. The most widely used gravimetric humid- 
ity sensor is the quartz microbalance. Such a device consists of thin plates of pie- 
zoelectric quartz, coated with a humidity sensitive layer, the resonant frequen- 
cy of which changes in response to variations in the ambient humidity. A non- 
coated reference resonator is used as a reference to minimise temperature and 
pressure variations. 

The mass loading effect is also used in the surface acoustic wave (SAW) sen- 
sors. In these devices, the velocity of surface waves is affected by the deposition 
of a definite mass of water vapour. The SAW technique can also be applied to 
dew point sensors [6]. 



3.3.2 

Coulometric (Electrolytic) Method 

This method is based on Faraday’s laws of electrolysis to evaluate the water con- 
tent of a gas sample. The water vapour in an air stream is passed through a cell 
where it is electrolysed into hydrogen and oxygen. The current consumed in the 
process is directly related to the amount of water molecules present in the sam- 
ple. Provided that all the water in the sample is electrolysed in the cell, an abso- 
lute measurement of the water content can be obtained with this method. This 
sensor is used in very dry environments up to a maximum of 100 ppmy. 



3.4 

Miscellaneous Humidity Sensors 

There are other humidity sensors and instruments that are less well known but 
can also be found on the market, and are very useful for particular applications. 
For instance, devices based on the effect of thermal conductivity change in the 
presence of water vapour are known [10]. Microwave sensors are based on the 
variation of the electromagnetic properties of some sensitive materials at ultra- 
high frequencies [11]. The evaluation of the colour change and the variation of 
the luminescence characteristics of humidity-sensitive dyes have also been used 
for the development of humidity sensors. Most of these devices are based on the 
use of waveguides and will be described in more detail in the following sections 
along with other fibre-optic humidity sensors (not indicator mediated). Some of 
the advantages and disadvantages of the sensors for humidity monitoring dis- 
cussed in preceding sections are presented in Table 2. 




Table 2. Characteristics of some humidity sensors 
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Material Principle Advantages Disadvantages Typical applications Ref. 

Organic poly- Resistance-type ■ Low cost ■ Do not operate at high tempera- Humidity measurement [1,4,6, 

mer films Conductivity change of a ■ Miniaturisation tures and humidity and control in differ- 8] 
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Material Principle Advantages Disadvantages Typical applications Ref. 

Hygroscopic Piezoelectric sensor ■ Wide operation range ■ High cost Moisture monitoring in [1,4] 
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4 

Fibre-optic Humidity Sensors 

Humidity sensing devices should fulfil several requirements to be applied in a 
range of applications [4, 6]: a) sufficient sensitivity over a wide range of humid- 
ity and temperature values; b) short response time with small or null hysteresis; 
c) long operational life; d) low temperature effect; e) resistance to contaminants; 
f ) low maintenance requirements and cost. In some cases, low weight, low power 
and compatibility with a microprocessor may also be required. 

Nevertheless, introduction of the optical fibre in the development of humid- 
ity sensors offers several additional advantages: possibility of remote sensing 
and continuous monitoring in confined or hazardous environments, insensitiv- 
ity to electromagnetic interferences, small size and the feasibility of multiplex- 
ing the information from different sensors in one optical fibre. 

The main optical humidity sensors (optodes) described in the literature are 
based on the variation of one of the following phenomena with humidity: 

a) The absorption characteristics of a colourimetric reagent. 

b) The luminescence intensity and/or emission lifetime of certain dyes. 

c) The refractive index, due to the physi- or chemisorption of water directly on 
the surface of the optical fibre or in a thin film attached to it. 

d) the reflectivity of thin films. 



4.1 

Fibre Optic Sensors Based on Absorption Measurements 

Winkler [12] was the first to observe in 1864 that the blue colour of anhydrous 
cobalt chloride changed progressively in the presence of water vapour, and asso- 
ciated this change with a variation of the hydration state of the salt. The ini- 
tial blue colour turns pink as C 0 CI 2 is converted into the hexahydrate and the 
absorption band of the salt shows a dramatic hypsochromic shift (Fig. 3) [13]. 

Based on this property, cobalt chloride is widely used as a qualitative indica- 
tor of the presence or absence of moisture. In fact this compound is still used 
nowadays to evaluate the residual capacity of solid desiccants. This effect has 
also been observed with hydrates of cobalt, copper and vanadium salts [14]. 
Such colourimetric reagents can be immobilised in gelatines or cellulose, or 
directly deposited on a porous optical fibre for sensor development [15-19, 24] 
and have the advantage of higher sensitivity and quantitative precision com- 
pared to visual methods [15]. 

Russell and Fletcher [16] reported the immobilisation of cobalt chloride on 
the surface of a 600-pm, 12 cm long, uncladded silica fibre. The sensitive lay- 
er was prepared by dipping the bare fibre into an aqueous solution of gelatine/ 
C 0 CI 2 . After drying, the absorbance at 680 nm of the sensitive films (100 nm 
thick) was measured by internal reflection spectroscopy as a function of relative 
humidity in the 40-80% rh range. Ballantine and Wohltjen [17] have developed 
an optical fibre sensor using the same colourimetric reagent/polymer combina- 
tion reported by Russell and Fletcher but as a coating on the surface of a glass 
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Fig. 3. Absorption spectrum of C 0 CI 2 deposited on a cellulose filter paper as a function of 
the hydration state of the salt: ( — ), anhydrous form, (...) hexahydrate 



capillary tube. The aim of their work was to develop a portable, inexpensive sys- 
tem for field measurements. The performance of the sensor was similar to that 
obtained previously [16]. The response follows a S-shaped curve and excellent 
sensitivity was obtained in the 60-95% rh range. The main difficulty was related 
to the preparation of uniform, reproducible films on individual waveguides that 
would be suitable for a single use device. 

In an effort to increase the sensitivity and decrease the size of the previously 
described sensors, Zhou et al. [18] immobilised C 0 CI 2 directly onto high trans- 
parency alkali borosilicate glass fibres (150 to 300 pm in diameter). The large 
surface area and the direct absorption of light passing through the porous glass 
sensor segment afforded a device able to measure rh values down to 0.5% at 25 
°C. The measuring range could be extended by changing the concentration of 
the C 0 CI 2 • 6 H 2 O solution used to treat the fibre, although the dynamic interval 
of the optodes was limited and high rh values (50% according to the published 
data) could not be measured. 

Boltinghouse and Abel [19] immobilised cobalt chloride directly on cellulose 
and on acetylated cellulose paper for sensor construction. According to their 
results, acetylation of cellulose affords a support with reduced interaction with 
water (compared to the pure cellulose matrix) that allows an important decrease 
of the light scattering, improves reproducibility of the measurements, shortens 
the response time and lowers the sensor hysteresis. Nevertheless, the optode 
response is affected by temperature and the response range is limited, depend- 
ing on the C 0 CI 2 concentration in the cellulose matrix, so that the use of the sen- 
sor was restricted to applications requiring the control of constant rh levels. 

Kharaz and Jones [24] have developed a multi-point distributed humidi- 
ty-sensing system obtained by depositing a thin film of C 0 CI 2 , immobilised in 
gelatine, on the core of a multimode optical fibre. For relative humidity meas- 
urement, the absorbance of the sensor has been evaluated at 670 nm using the 
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absorbance at 850 nm as a reference. Employing this design, a four sensor net- 
work was constructed with 200-pm optical fibre and a distance between sensors 
of 20 m. An optical-time-domain reflectometer (OTDR) with two laser diodes 
was used to measure the optical attenuation of the different sensors in the 20- 
80% Th range, at temperatures between 25 and 50 °C. The resolution of the meas- 
urements in the network was limited by the OTDR noise, but might be improved 
by increasing the averaging time in the instrument. 

Other metal salts have also been used for the development of relative humid- 
ity optodes. Several authors have reported that in the presence of moisture, 
C03O4 films [25] obtained by pyrolysis of cobalt 2-ethylhexanoate, and NiO 
films [30] prepared by plasma oxidation of co-evaporated Ni-C composite films 
on a glass plate substrate, show humidity- sensitive absorbance changes at room 
temperature. A drawback of the C03O4 films for sensor development was the fact 
that their sensitivity increases with decreasing wavelength, being maximum in 
the UV region. NiO films display the largest absorbance changes in the VIS/NIR 
region with better sensitivity than the C03O4 films at the measuring wavelength. 
The response times were in the order of minutes in both cases demonstrating 
the potential of these sensitive layers for optical humidity detection. 

As an alternative to metal dyes Wang et al. [20] describe the use of trifluoro- 
acetophenones immobilised in plasticised poly(vinyl chloride) (PVC) for rela- 
tive humidity monitoring. Upon hydration, the absorption spectra of these mol- 
ecules in the UV region changes drastically due to formation of a ketal. It is pos- 
sible to measure in the range 1-100% rh using two isologous ligands, with high 
stability, good reproducibility and short response times. Nevertheless, etha- 
nol behaves as an important interferent of the optode, although other acid and 
basic gases such as acetic acid (2000 ppm), ammonia (100 ppm), SO2 (10 ppm) 
and NO2 (10 ppm) gave no response. One important limitation to the broad 
application of these indicator dyes for humidity sensing is associated with their 
low absorption wavelength maxima (253-261 nm). In order to overcome this 
drawback, Mohr and Spichiger- Keller [27] have prepared a new indicator, NyN- 
dioctylaminophenyl-4’-trifluoroacetyl-azobenzene (ETH^ 4001), with a simi- 
lar sensitivity and selectivity to the previous trifluoroacetophenones but with 
the absorption maximum shifted by more than 200 nm into the visible region. 
For optode development the reagent has been immobilised in polyurethane to 
afford a broad response range with highest sensitivity in the 5-40% rh region. 
However, the response time of the membranes is high (in the order of hours 
without a preconditioning step in water), preventing their use for continuous 
monitoring applications. 

Sadaoka et al. [22] have observed that when a poly(methyl methacrylate) 
(PMMA) or poly(ethylene oxide) (PEG) films containing Reichardt’s dye is 
exposed to moist environments, its absorption spectrum in the 400 to 1000-nm 
range changes considerably and the intensity of light reflected at 750 nm can be 
used to monitor rh. The same authors [21] have also prepared composite films 
of hydrolysed Nafion with various triphenylmethane or cyanine dyes containing 
terminal JV-phenyl groups working in the reflecting mode. Dyes included in the 
study were crystal violet, ethyl violet, malachite green, aizen cathilon pink FGH, 
aizen cathilon red 6BH, aizen cathilon brilliant red 4GH and aizen athilon yel- 
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low 3GLH. The long term stability of the membranes was limited depending on 
the nature of the dye; crystal violet and malachite green are the best ones. The 
use of thicker Nafion membranes (0.2 mm) allowed improvement of sensor sta- 
bility although some hysteresis was observed. 

It is clear that the polymer used to immobilise the moisture-sensitive dye is 
a key component of the optode since it will play an important role in the sensi- 
tivity and selectivity of the final device. The choice of polymer is usually gov- 
erned by its structural characteristics for reagent immobilisation, its stability, 
its permeability to water vapour and its compatibility for interfacing with fibre 
optics. Therefore, some authors have proposed preparation of sensing layers 
without the moisture-indicator dyes, in order to avoid the photochemical deg- 
radation that they may suffer over long illumination periods. In this way, Otsu- 
ki and Adachi [23] have evaluated the reversible opacity changes, at 250 nm, of 
hydroxypropyl cellulose (HPC) films, cast from ethanol or acetone onto a quartz 
plate, as a function of the relative humidity. The response has been attributed to 
the presence of small liquid crystalline phases in the films that cause light scat- 
tering weakened by sorbed water. 

A similar optical humidity sensor was developed by Fong and Hieftje [35] 
taking advantage of the interaction of near-infrared radiation with a silica gel 
adsorbent layer. Adsorbed water was evaluated both by ordinary absorption of 
radiation by water molecules and the increased scattering of NIR radiation by 
the silica gel. The detection limit of water vapor in air at room temperature was 
found to be 240 ppm. A simplified humidity sensor operating in the Herschel 
near IR wavelength region (700-1100 nm) has been constructed. A slight hys- 
teresis was observed with this device and the authors propose the application 
of multivariate, multiwavelength calibration models to overcome the effect of 
interfering species that can also adsorb on the silica gel layer. 

In a later paper Otsuki et al. [28] deposited HPC films labelled with rhodam- 
ine B on an uncladded optical fibre. The fibre was curved at an angle of 180°, 
with all the curved region coated with the sensing layer (4 mm long) instead 
of the polymer cladding. Another optical fibre was used as a reference to evalu- 
ate the transmittance of the sensor head at 552 nm. The sensor response was in 
the order of 1.0 to 2.3 min for 0-95%, and vice versa, with rh changes showing 
a little hysteresis. Following the findings of Muto et al. [36] on the use of phe- 
nol-red doped plastic fibres for moisture monitoring, Gupta and Ratnanjali [32] 
have described the development of a fibre optic sensor prepared by depositing 
PMMA films containing phenol red over the uncladded core of a multimode sil- 
ica fibre. A U-shaped design has also been applied to increase the transmission 
of light from the core to the film and the sensitivity of the optode. The optical 
measurements were carried out with a He-Ne laser operating at 544 nm, with a 
response time in the order of seconds and a dynamic range limited to 20-80% 
^h* 

Narayanaswamy et al. [26, 29, 37, 38] have prepared films of crystal violet 
immobilised on Nafion for relative humidity monitoring. The composition of 
the sensitive layers has been optimised [29]; the reflectance at 630 nm of the 
films prepared with a Nafion/crystal violet molar ratio of 10:1 and treated with 
methanol gave good sensitivity. However, the coloured layers showed degrada- 
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tion when exposed to ambient air after a couple of days, although they could 
be stored in a dry desiccator for one month without changing their sensitivi- 
ty. The response was linear from 30 to 70% rh with short response times (30 s to 
> 2 min for direct and reverse changes, respectively) and little hysteresis. Cross 
reactivity with HCl, NO 2 are described in atmospheres with less than 50% rh. 
The effect of NH3 depends on the water content of the film and could be avoided 
by short measuring times (< 30 s). In order to extend the linear response range 
of the optode or to use it for the simultaneous determination of ammonia and 
relative humidity in air, the authors have proposed the application of artificial 
neural networks (ANN) [26,38]. The relative standard errors of prediction were 
lower when the ANN was fed with kinetic data instead of spectral data, after 2 
min exposure, allowing a better precision and accuracy in the determination of 
NH3. This behaviour may be attributed to the fact that the ammonia reaction 
takes place at a lower rate in the presence of humidity. In fact, response to this 
gas is irreversible and new films had to be used for each measurement to com- 
plete the study. 

Alternatively, Somani et al. [39] described the use of crystal violet incorporat- 
ed in solid polymer electrolytes (SPE) such as poly( vinyl alcohol) (PVA) doped 
with H 3 PO 4 , for humidity monitoring. The films change their colour from yel- 
low to violet as a result of the formation of association-dissociation complexes 
between the water and the acid molecules, with subsequent protonation-depro- 
tonation of crystal violet. The sensing layers display a linear response between 
20-80% rh, an advantage over the Nafion-crystal violet sensing layers. However, 
since PVA is water soluble, a sensor fabricated with these membranes cannot be 
used for a long time under high humidity conditions or in the presence of dew. 
Other dyes such as methylene blue, rhodamine B and rhodamine 6 G have also 
been incorporated in SPE showing a similar humido-chromic effect that can 
also be exploited for humidity sensing [34]. 

Poly(4,4’-diphenylamine-p-heptyloxy)benzylidene (PDPAHB) and poly(4,4’- 
diphenylimine-p-hetyloxy)benzylidene (PDPIHB) have been applied by Kon- 
dratowicz et al. [33] to humidity monitoring by evaluating the absorbance 
changes of thin films using a flow cell coupled to an optical fibre bundle. In this 
case, the authors propose that the analytical signal is due to polymer swelling 
in the presence of water, as no changes are observed in their absorption spectra. 
The response of the membranes can be reversed using dry air, provided that no 
ammonia is present in the sample since this molecule accumulates irreversibly 
on the polymer surface, modifying the absorption spectrum. 

Erythrosine B incorporated in a thin sol-gel film (100 nm) has been used to 
coat a single-mode planar integrated optical waveguide (lOW) for water vapour 
measurements in the low ppm range [31]. The sensor response was evaluated 
from the outcoupled light at 514.5 nm, obtaining a linear calibration plot in the 
1-6% rh range, with a limit of detection equal to 115 ppm (3 x 10’^ au) of water 
vapour and response times in the order of 16-52 s. Lewis bases stronger than 
water, such as ammonia, can be potential interferences for this sensor. In order 
to allow the use of this device for practical measurements, the authors have pro- 
posed the use of grating couplers instead of prism coupling. This will avoid the 
use of laser sources and increase the reproducibility of the measurements. 




Table 3. Optical fibre sensors based on uv- visible measurements described for relative humidity measurements 
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A fibre-optic relative humidity sensor to quantify capillary pore pressure in 
unsaturated soils has been developed at US Sandia National Laboratory [40]. 
The sensing layer consists of a porous polymer material that is placed between 
two standard optical fibres. One of them is used to transmit the reference and 
the analytical wavelengths (565 and 660 nm respectively); the second fibre 
drives the light that passes through the sensitive tip back to the optoelectronic 
interface. The optode is calibrated to measure rh at the very high values (between 
98 and 100%) required to calculate pore pressure for arid soils. This sensor has 
been incorporated in a cone penetrometer to allow for real-time measurements 
that help field personnel to predict the movement of water and solutes during 
field analysis. Table 3 summarises the analytical characteristics of the fiber optic 
sensors based on absorption measurements described previously. 

4.2 

Fibre Optic Sensors Based on Luminescent Reagents 

Various optical humidity sensors have been developed which rely on lumines- 
cence measurements (Table 4). Most of them are based on absolute emission 
intensity or intensity-based ratios since they usually provide a better sensitivi- 
ty than absorption devices [41,42]. However, lifetime-based sensors are becom- 
ing increasingly popular for in situ measurements. Various commercial fluores- 
cent molecules such as umbelliferone [43], rhodamine 6G [44, 52], perylene dib- 
utyrate and various N-substituted derivatives of perylenetetracarboxylic acid 
bis-imides (PTCABs) [46] (Fig. 4) immobilised in various matrices, have been 
employed for relative humidity monitoring. The developed optodes showed in 
some cases long recovery times (> 30 min, [46]) and other gases, such as molec- 
ular oxygen or gaseous ammonia, may cause serious interference. The emission 
characteristics of such fluorescent dyes are quite sensitive to their environment. 
In fact, these fluorophores show a strong fluorescence in organic media but emit 
very weakly in water. This is also the case with the 5-dimethylaminonaphtha- 
lene-l-sulphonic acid (DNSA) that has been immobilised by Otsuki and Adachi 
[47] in a HPC film for humidity measurements. The sensing membranes display 
a red-wavelength shift of the fluorescence maximum from 435 to 465 nm, as well 
as a decrease in the emission intensity and a increase in the bandwidth, on going 
from 0 to 80% rh. The response time of these layers was relatively long (> 12 
min for step changes) and, whereas the Amax values are not affected by repeated 
humidification and desiccation cycles, the emission intensity decreases slightly, 
indicating a progressive association of the fluorophore in the sensing films. 

The fluorescence of some dyes whose excited state has a strong intramo- 
lecular charge-transfer character is strongly perturbed by association with 
water molecules if the donor group has an unshared electron pair (typically 
hydroxy, amino or substituted relatives). This is the case with 5-(4’-aminophe- 
nyl)-2-(2’-pyrazinyl)-l,3-oxazole (appzox) [45] that has been immobilised in 
HPC [55] for the development of a relative humidity optode. The fluorescent 
sensor is able to measure in the 1.68-100% rh range with response times in the 
order of 1-2 min and is insensitive to oxygen and other typical organic vapours 
that are interferents of commercial capacitive humidity sensors. The device has 
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Fig. 5. Effect of water on the ionisation state of fluorescein 



been applied to ambient humidity monitoring and the measured data are statis- 
tically comparable to those provided by a capacitive sensor. 

Muto et al. [49] have applied an optical humidity sensor to breathing-condi- 
tion monitoring. The device is based on the ionisation reaction that takes place 
in the presence of water (vapour) and a fluorescein-doped PMMA film (< 10 
pm thick), (Fig. 5). The sensitive layer acted as the cladding of a PMMA or poly- 
carbonate core fibre (1 mm diameter and 1-10 cm long). The experimental set 







Table 4. Optical fibre sensors for humidity measurements based on luminescent dyes 
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up includes a fluorescent optical flbre with a waterproof layer as a compensator 
to eliminate the influence of the fluorescent decay caused by thermal quenching. 
The maximum sensitivity was obtained for a dye concentration of 10-11 wt% 
cm‘^; under these conditions the fluorescence intensity increased linearly with 
increasing humidity over the 5 to 85% rh range. 

Sulforhodamine 101 entrapped in gelatine-containing microemulsion org- 
anogels composed of isooctane/bis(2-ethylhexyl)sulfosuccinate/water has 
been optimised by Choi and Shuang [53] for fabrication of optode membranes 
for humidity monitoring. The strong fluorescence of the dye was effectively 
quenched by moisture as a result of a membrane swelling along with an increase 
in flexibility of the medium upon water uptake. The sensing layer shows linear 
calibration in the 35 to 100% rh range with response and recovery times in the 
order of 1 min. The response of the membranes decreases with increasing tem- 
peratures, leading to a saturation of the response and a reduction in the work- 
ing range. Nevertheless, unlike other gelatine-based sensing layers developed 
by the same authors using rhodamine 6G as indicator [52], no interference was 
observed in the presence of organic solvent vapours such as acetic acid (0.18% 
v/v), acetone (1.04% v/v), chloroform (0.65% v/v), ethanol (1.43% v/v), toluene 
(0.11% v/v) or the air pollutant NOx (0.003% v/v). The optode has been applied 
to real sample analyses and the results validated using a commercial hygrome- 
ter. 

Some optical humidity sensors exploit the phenomenon that water mole- 
cules are able to quench efficiently the phosphorescence emission of certain 
compounds [48, 50, 54]. The use of phosphorescent dyes instead of fluorescent 
ones offers some advantages for moisture monitoring. The longer excited-state 
lifetimes provide significant sensitivity and the large Stoke’s shifts allow a facile 
discrimination between the excitation and emission wavelengths. However, oxy- 
gen interference can be a serious problem with these devices in some applica- 
tions. Papkovsky et al. [48] have prepared humidity-sensitive coatings based on 
Langmuir-Blodgett films containing phosphorescent water-soluble Pt- and Pd- 
porphyrins. The membranes show a bright long-lived phosphorescence in dry 
form, that could be fitted to a single exponential decay law. The luminescence 
of the films was quenched by molecular oxygen but it was found that it could 
be modulated by the environmental water vapour content, so that the effect was 
applied to the development of fibre sensors for rh monitoring based on emission 
lifetime measurements. The films showed some photobleaching; a intensity sig- 
nal drift of 6% per hour was measured in air. 

Costa-Fernandez et al. [50, 54] have worked in the optimisation of air mois- 
ture sensing materials for the development of room temperature phosphores- 
cence (RTP) sensors. A metal chelate, namely 8-hydroxy-7-iodo-5-quinolinesul- 
fonic acid (ferron) with Al(Ill), bound to anion-exchange materials (Dowex 
1X2-200 or Bio-Rex AG 1-X8) or a sol-gel matrix, and mercurochrome (2’,7’- 
dibromo-5’-[hydroxymercuri] fluorescein) immobilised in Dowex 1X2-200 or 
in a sol-gel material have been evaluated for relative humidity sensing. The 
authors point out that the RTP intensities and triplet state lifetimes of both indi- 
cators are strongly influenced by the nature of the solid support used for the dye 
immobilisation. The highest potential for RTP quantification of humidity was 
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obtained with the sol-gel matrices, as they impart a higher rigidity and quench- 
er protection to the indicator dyes. Slightly lower detection limits were achieved 
using an Al-ferron sensing layer (0.09% rh) along with a higher precision (3.2% 
for 8% Th, n = 5). Response times were in the order of 4 min for the sol-gel/ Al- 
ferron combination and 2.6 min for mercurochrome. An increase in the air flow 
rate decreased the response time but the sensitivity to water was decreased too. 
In order to enhance both the sample frequency and the linear dynamic range of 
the sensing phase a flow injection-like gas introduction system has been opti- 
mised and applied to the analysis of air samples of various rh. The results of the 
mercurochrome based sensor were successfully validated using a commercial 
hygrometer. Once again, the main limitation of RTP measurements for mois- 
ture sensing is oxygen quenching, although the authors have proposed [50] the 
application of chemometric techniques to monitor both parameters simultane- 
ously. The use of a chelate of morin and aluminium for humidity optosensing 
based on fluorescence quenching measurements was also proposed by Peder- 
sen et al. [57]. 

Ruthenium complexes have also been described as indicator dyes for 
humidity monitoring. Glenn et al. [56] immobilised [(dipyrido[3,2-a:2’,3’-c]- 
phenazine)bis(l,10-phenanthroline)]ruthenium(II), [Ru(phen) 2 (dppz)]^+, in 
a Nafion membrane for optode development based on luminescence lifetime 
measurements. Dipyridophenazine (dppz) complexes of ruthenium(II) have 
been described as molecular ‘Tight switches” in DNA [58] and in micellar solu- 
tions [59] as they display luminescence when the phenazine nitrogen atoms are 
shielded from water [60]. Ru(II) complexes of dppz display negligible photolumi- 
nescence in water due to very fast deactivation of their (emissive) ^MLCT excited 
state to a short-lived lower lying ^MLCT’ state [58]. Details of the photophysics of 
Ru(II) polypyridyl complexes may be found in Chapter 13 of this book . In non- 
protogenic organic solvents the latter is destabilised, so that excited state crossing 
no longer occurs and the typical luminescence of Ru(II) polypyridyls turns on. 
Unfortunately, the prepared optodes showed hysteresis and degraded after 5 days 
of use, yet regeneration was possible after storage in a drying environment. 

A thorough study of the behaviour of Ru-dppz complexes in acetonitrile- 
water mixtures (0-10%) has been undertaken [61] using both luminescence 
intensity and lifetime measurements. Static quenching by water molecules has 
been evidenced by the strongly non-linear Stern-Volmer plots. Immobilization 
of the indicator dye onto a poly-fluorinated polymer has allow fabrication of a 
very robust rh optode [61,62]. Using a luminescence phase-sensitive optoelec- 
tronic system (Grupo Interlab S.A. OPTOSEN® [63]), the humidity sensor has 
been applied to in situ atmosphere rh measurements in the 0-100% range with 
no hysteresis. Validation has been performed against a NIST (National Institute 
of Standards and Technology) traceable humidity chamber. The optode shows 
neither O 2 nor alcohol or organic vapour interference. Using the same instru- 
ment, the sensor has been applied to humidity determinations in arid soils (val- 
idated against a gravimetric method) and to measurements of the water activ- 
ity (flw) in foods (validated against a commercial hygrometer). Values of as 
disparate as 0.2 (biscuits) and 0.96 (plums) have been successfully determined 
with the fibre-optic sensor. 
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4.3 

Optical Sensors Based on Variations of the Refractive Index 

Kunz [64] has reported the use of dielectric waveguides with a spatially varying 
measurand-dependent effective refractive index distribution to develop humid- 
ity sensors based on the variable deflection of a laser beam. Using a porous 
Ta 205 waveguide that shows a humidity-dependent ordinary refractive index, 
beam shifts of about 1.4 mm were measured for 0 to 45% Vh. Ronot et al. [65] 
have tested the performance of different heteropolysiloxane polymers as selec- 
tive claddings for the detection of chemical vapours using intrinsic optical fibre 
sensors. The polymer cladding must be non-volatile and allow the diffusion of 
the analytes to and from the specific interaction sites; its refractive index must 
be slightly lower than that of the fibre core and must change as a function of the 
concentration of the selected analyte. Finally, it should also be transparent to the 
selected wavelength and very homogeneous to avoid light scattering. For water 
vapour analysis the greatest sensitivities were obtained by coating the bare core 
multimode optical fibre with amino-propyl siloxane. Nevertheless, the selectiv- 
ity of the polymeric cladding is not high enough and the combined response 
of several optical fibres with different claddings would provide better informa- 
tion for complex samples. The effect of humidity on other polymers, such as 
poly(methyl methacrylate) or fluorinated polyimine, has also been tested for 
their application in optical sensing [66, 67]. 

Several attempts have been made to develop fibre optic sensors, based on 
standard telecommunication grade single-mode fibres, to detect humidity 
changes at selected points in an optical communications network, as the ingress 
of water may affect the system performance [68, 69]. In-line sensors are usual- 
ly an advantageous alternative for this application as they can be installed as a 
serial array and interrogated by OTDR. In this type of sensor the interaction 
between the light propagating in the core of the fibre and the analyte can occur 
in different ways. For instance, as it has been described above, a part of the clad- 
ding can be polished away and replaced by an overlay whose refractive index 
depends on relative humidity. This configuration has been optimised by Bow- 
nass et al. [68] for the detection of high humidity in passive optical networks. 
The authors embedded the fibre in a quartz block (estimated radius of curva- 
ture 10-15 cm) and polished the assembly, including the cladding, to produce 
a half-coupler. A polyethylene oxide (PEO) sensing film was then applied to the 
polished surface of the half coupler as shown in Fig. 6. 

The swelling and hence the refractive index (n) of the PEO film depends on 
Th. If the film is dry its n is greater than the effective n of the fibre (Woveriay > ^fi- 
bre) and a fraction of the power in the fibre, that will increase as the polishing 
approaches the core, will be lost in the overlay. With increasing humidity ^overlay 
will decrease, influencing the insertion loss of the sensor that will be negligible 
when ^overlay < ^fibre- A four-sensor serial-array has been developed and interro- 
gated using OTDR. The devices were optimised to show a loss of 2.5 dB at a 1.31 
pm, for a switch between their high-zero loss states at ca. 80% rh. The need for a 
precise polishing of the fibre as well as the stability of the sensing film would be 
limiting factors for this type of sensor. 
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Fig. 6. Schematic diagram of humidity sensitive fibre sensor developed for use in a serial 
array for network monitoring (adapted from ref. [68]) 



Alternatively, the fibre-optic sensor can be based on the refractive index 
changes of a sensing film applied to the cladding of a bent single-mode fibre 
[69]. The bend generates a whispering gallery (WG) mode to propagate in the 
cladding and interact with the interface between the fibre and the sensing lay- 
er. If the refractive index of the film is lower than that of the cladding, a total 
internal reflection of the WG occurs at the cladding-overlay interface, causing a 
strong interference with the core-guided mode that will produce oscillations in 
the transmitted power as a function of the wavelength. If the refractive index of 
the film is larger than that of the cladding, the Fresnel reflection of the WG mode 
will be very weak and the interference with the core guide mode negligible. The 
selected bend radius and arc length determine the spectral response of the sen- 
sor whereas the refractive index of the sensing layer, related to the relative 
humidity value, is linked to the strength of the WG interactions. In this respect, 
the sensors fabricated with gelatine layers showed a response at rh > 62% where- 
as for PEO films the point at which the oscillation appeared was about 80% rh (at 
22-24 °C). The main limitations of this type of sensors are associated with the 
long-term mechanical reliability of the fibre and the ability to fabricate sensors 
with identical spectral characteristics. 

Obviously these sensors, as well as the one described previously, will act as 
humidity detectors more than as continuous relative humidity monitors, which 
represent a limitation for some applications. The effect of temperature and the 
interfering species that could interact with the sensing film on the performance 
of these sensors should also require further evaluation. 

In a different approach, Bariain et al. [70] deposited an agarose gel surround- 
ing the thinner zone of a biconically tapered single-mode optical fibre. The geo- 
metrical parameters corresponding to the sensing area are depicted in Fig. 7. 

The sensing mechanism was based on the variation of the optical pow- 
er transmitted through the taper as a function of the refractive index chang- 
es of the agarose gel at different relative humidity values. For each sample, 2 m 
of a 1.3-pm single-mode standard communication optical fibre were used. After 
stripping off 10 cm of the fibre cover, the uncovered region was stretched using 
an splicing unit to obtain the taper depicted in Fig. 7. 

Variations of 6.5 dB of the transmitted optical power were obtained for 
changes between 30-80% rh with a response time of less than 1 min and low hys- 
teresis. The material was checked for more than half a year and showed no deg- 
radation; however, the effect of interfering agents has not been tested. 
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Fig. 7. Geometrical parameters of a biconically tapered single-mode optical fibre used for 
relative humidity monitoring (adapted from reference [70]) 



A Mach-Zender interferometer has also been commercialised by Mierij 
Meteo Instruments (NL) for relative humidity monitoring in the atmosphere 
[71]. It allows on-line measurement using the refractive index change of the 
water vapour-specific absorbent covering one of the two branches of the inter- 
ferometer in an integrated optical circuit. The traditional problems of this kind 
of technology (namely the stability of the polymer adsorbents and chip inte- 
gration) have been reported as being solved. In order to compensate for various 
errors, the secondary branch of the interferometer (also called the “reference”) 
is also coated but is not in contact with the ambient air. No temperature correc- 
tion is required; this fact, together with a fast response (ca. 1 Hz), increases the 
attractiveness of this sensor. 



4.4 

Fibre-optic Sensors Based on Changes in the Reflectivity of Thin Films 



Mitschke [72] has reported the development of an optode that incorporates a 
humidity-sensitive porous thin-film interferometer on the tip of an optical fibre 
(Fig. 8). 

The light is guided through a fibre to the moisture-sensitive terminal that 
consists of a series of alternative layers of Si02 and Ti02 forming a Fabry- Perot 
filter. The resonance frequency of the spectrum will be given by Eq. 3: 




( 3 ) 



Where c is the speed of light, d the thickness of the spacer and n the refrac- 
tive index. Upon water adsorption the refractive index of the layers will change 
and the resonance frequency will be shifted as a function of the ambient relative 
humidity. A fibre-optic analyser was commercialised using this type of device 
[1]. The instrument includes the sensor probe and an optical polychromator 
unit for the detection of the reflection spectrum of the filter as a function of the 
relative humidity. The sensor sensitivity could be varied from close to 0 to 98% 
by changing the number and sizes of the micropores in the optical layers. This 
device has potential applications, for instance, for the measurement of rh in con- 
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Fig. 8. Fabry-Perot interferometric humidity sensor developed by Mitschke (adapted from 
reference [72]) 



taminated areas, natural gas pipes, microwave and induction furnaces or vacu- 
um chambers although it has not been used on a large scale. 

Similar principles have also been described by other authors [73-76]. Dur- 
ing the past years Lukosz et al. [73-75] have worked on the development of dif- 
ference interferometers for the analysis of various parameters including rela- 
tive humidity. In a difference interferometer, the TEo and the TMo modes in a 
planar (or rib) waveguide are coherently excited, propagate in a common path 
and interact with the sample. The sensor response is measured as the time- 
dependent phase difference A^{t) between the TEo the TMo modes induced 
by the polarization dependent interaction. Different methods have been test- 
ed and optimised to measure this phase difference and to achieve multichannel 
(multianalyte) sensing. For humidity monitoring purposes microporous Si02- 
Ti02 waveguides (np = 1.75, dp = 198 nm) were used, as they show large effec- 
tive refractive index changes in the presence of water, attributed mainly to the 
sorption of molecules in the micropores of the waveguiding film. However, it has 
been observed that changes in the temperature of the waveguide, at a constant 
humidity, also induce a phase difference, complicating the calibration of these 
sensors for rh monitoring. 

In an attempt to reduce the response time of some of the existing humid- 
ity sensors Arregui et al. [77] proposed the use of a nano Fabry-Perot cavity 
formed by the ionic self-assembly monolayer technique. The method is based 
on the deposition of successive monolayers of cationic and anionic polymers on 
the tip of a standard communication optical fibre, previously treated to create 
a charged surface. In their work, a solution of poly(sodium 4-styrenesulfonate) 
(PSS ) was used as the anionic electrolyte and a solution of gold colloids pro- 
tected by poly(diallyldimethylammonium chloride) (PDDA+) was used to form 
the cationic electrolyte. The bilayer structure [Au:PDDA"^/PSS ]n, where n indi- 
cates the total number of bilayers, was built up at the distal end of the optical 
fibre and behaves as an homogeneous optical medium, so that local variations of 
the refractive index occur over lengths much shorter than an optical wavelength. 
The sensor shows an operation range of 1 1.3 to 100% rh, with a maximum varia- 
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tion of the reflected optical power of 4.44 dB (65 bilayers), and response times in 
the order of seconds that allowed its use for monitoring human breath samples. 

5 

Calibration of Humidity Sensors 

Calibration is a fundamental aspect for application of the sensors described 
in this chapter. For humidity measurements it is usually accepted [1] that “a 
standard is a system or device which can either produce a gas stream of known 
humidity by reference to fundamental base units, such as temperature, mass and 
pressure, or an instrument that can measure humidity in a gas in a fundamen- 
tal way, using similar base units”. Standards used to calibrate humidity sensors 
have been classified into three groups [1]: 

- Primary standards. Rely on fundamental principles and base units of meas- 
urement. This is the case with gravimetric hygrometers. 

- Transfer standards. These instruments are based on fundamental princi- 
ples but when they are not correctly used can provide incorrect values. The 
chilled mirror hygrometer, the electrolytic hygrometer and the psychrome- 
ter fall into this category. 

- Secondary devices. These are not fundamental devices and must be calibrat- 
ed against a transfer standard or other fundamental system. The electric and 
fibre optical sensors described in this chapter can be included in this group. 

Different primary calibration standards can be found in the marketplace 
(though not inexpensive) that have been extensively used for this purpose (for 
instance, the dew point or the relative humidity calibration chamber). Anoth- 
er calibration method utilises saturated salt solutions, at a fixed temperature, 
to generate a known humidity environment [78]. This inexpensive method is 
widely used for sensor calibration; however, any error in the preparation of 
these solutions, or in the control of the temperature during the test duration, 
can generate erroneous calibration data which may be difficult to detect. 

When humidity sensors are to be used in field applications there are some 
variables that may significantly affect the response of these devices and are, in 
most cases, not considered in their calibration. Among these variables, temper- 
ature changes may exert a great influence on the sensor precision and accuracy. 
In fact, the effect of this parameter has not been evaluated in many of the opti- 
cal fibre sensors described in this chapter and may be a limiting factor for their 
broad application for real-time measurements outside the laboratory environ- 
ment. The sample pressure should also be controlled, as this parameter affects 
the water vapour pressure of the monitored gas. Flow rate is another essential 
parameter since pressure gradients or non-equilibrated sampling systems can 
be generated and affect the measurement accuracy. The electronic instrumen- 
tation can also be a problem mainly for unattended long-term measurements 
where temperature may be difficult to control. 

One of the main limitations of many humidity sensors are errors due to con- 
taminants that can be present in the tested samples. As pointed out in the Intro- 
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duction, the application of these devices is as broad as the possible number of 
contaminants that may affect their performance. The main interferences can be 
particulates, ammonia, inorganic salts and organic compounds. Obviously the 
effect of these species depends on the particular sensing mechanism. 

6 

Conclusions 

It is clear that the broad application range of humidity sensors has diversified 
the working principles of the instruments and sensors available for the detec- 
tion of this analyte. The application of fibre sensors for this purpose offers par- 
ticular advantages over non-optical techniques, such as the possibility of remote 
monitoring, immunity to electromagnetic interference, safety in explosive envi- 
ronments, small size or the possibility of multiplexing the information from dif- 
ferent sensors in the same optical fibre. However, the application of these devic- 
es on a large scale is still very limited and restricted to a few applications mainly 
due to the cost of extensive validation both in the laboratory and in situ, togeth- 
er with the price of the laboratory equipment used to interrogate the reported 
fibre optic sensors. Considering the benefits of the latter for environmental and 
industrial humidity monitoring, more effort should be directed to these issues 
to bring about commercial success. 
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CHAPTER 12 



Optical Sensing of pH in Low Ionic Strength Waters 

Ben R.Swindlehurst, Ramaier Narayanaswamy 



1 

Introduction 

The measurement of pH is probably the most commonly performed analyti- 
cal measurement in a wide range of sciences, including chemistry, biochemistry 
and environmental studies. This measurement of pH is so important because 
most chemical reactions are dependent on it in some way. Usually a chemical 
reaction can only take place within a specific band of pH. 

Electrochemical methods have been traditionally used for pH analysis with 
the glass electrode being by far the most commonly used devise. The glass elec- 
trode offers rapid measurement with good precision. However, at low ionic 
strengths the performance of the glass electrode deteriorates. Errors associated 
with electrochemical pH measurement at low ionic strengths include streaming 
potential caused by liquid flowing past the electrode, liquid junction potentials 
due to differences between the ionic strengths of the calibration solutions and 
the analyte solutions as well as contamination of poorly buffered solutions by 
the carryover of material between solutions on the electrode [1]. 

The spectroscopic measurement of pH involves the use of an indicator spe- 
cies. The spectroscopic properties of such an indicator must be dependent on 
solution pH. The chemical transduction of pH may rely on a change in the 
absorption of light, or a change in the luminescent properties of the indicator 
species. Such acid-base indicators exist in an acid form and a base form over 
a certain pH range, each form having different spectroscopic properties. The 
Bronsted-Lowry definition of acids and bases states that an acid or base and its 
conjugate pair, exists in equilibrium (Eqs. 1 and 2). 

HA<=>H'^ + A“ (1) 

where HA is an acid indicator, H'^ is a proton and A‘ is the conjugate base of the 
indicator. For a basic indicator species the equilibrium can be written as: 

BOH<=>OH” + B'^ (2) 

where BOH is a basic indicator, B"^ is this indicator’s conjugate acid and OH" is 
the hydroxyl ion. Using the example of an acid indicator and applying the law of 
mass action provides Eq. 3: 
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' [HA] 



( 3 ) 



where Kc is the concentration constant of the indicator, and [HA], [A ] and [H+] 
are the concentrations of the indicator, its conjugate base and protons respec- 
tively. The concentration constant is related to the thermodynamic constant 
by the activity coefficients /x of the individual components (Eq. 4). 



K=K^ 



A-/h 

/ha 



(4) 



This can be expressed logarithmically to give the Henderson-Hasselbalch 
equation: 

pH = piJ.+log|^+log^ (5) 

where piCa = -log K^. 

As optical pH measurements are dependent on concentration and not activ- 
ity [8], the Henderson-Hasselbalch equation based on the concentration con- 
stant Kc is commonly used. 



pH = vK^ +log ^ 
^ ^ " ^[HA] 



(6) 



Ignoring the effect of the activity term in Eq. (5) can only be justified in solu- 
tions of very low ionic strength (< 0.1 M). 

Given that the concentration constant Kc is related to the ratio of the activity 
coefficients (Eq. 4), it is dependent on ionic strength and temperature. The activ- 
ity coefficient of an ion /x can be related to the ionic strength I by the Debye- 
Hiickel equation: 



log/x =- 



A-zf-P 
1 + B-dP 



+ GI 



(7) 



where Zi is the charge on species /, A and B are constants which vary with tem- 
perature (0.51 and 0.33, respectively, at 25 °C), C is an empirical parameter, and 
d is the mean ion size parameter in Angstrom units. 

It is because of this relationship to ionic strength that it is important to use 
buffer solutions of constant ionic strength when calibrating an optical pH sen- 
sor. These should also be similar in ionic strength to the measurement solu- 
tion. 
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Fig.1. Effect of ionic strength on response time 

The rate constant (fc) can be related to ionic strength by the Bronsted-Bjer- 
rum relationship as shown in Eq. 8 [2]. 

logio ^c^logio ky+ 2 AziZ 2 -(l (8) 

where fco is the rate constant where the activity coefficients are unity, A is the 
Debye-Huckel constant, Z\ and Z 2 are the charge numbers of the reacting ions 
and I is the ionic strength. This shows that as the ionic strength decreases so 
does the rate constant. 

The effect of ionic strength on response time is illustrated in Fig. 1. Here the 
change in response of a physically immobilised pH indicator for a pH transi- 
tion of 9 to 10 at two ionic strengths is recorded, all other conditions remain- 
ing constant. The response time (f 95 o/o) of the system at 1.0 M ionic strength was 
2.45 minutes, whereas at 0.005 M ionic strength the response was still gradually 
increasing after 37 minutes. 

Diffusion is also an important factor governing the response time of a sen- 
sor system. Diffusion can be explained by Pick’s first law and is represented in 
Eq. 9. 



j = (9) 

where / is the rate of migration or flux, D is the diffusion coefficient and dN/dz 
is the concentration gradient, with N being the concentration in solution and z 
being the thickness of the diffusion layer. 

2 

Optical pH Sensors 

Over the past two decades or so, a great deal of work has been carried out in 
the field of optical pH sensors. Different types of sensing schemes and materi- 
als have been employed using a variety of spectroscopic techniques in the trans- 
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duction mechanism. These are represented in a selection of literature referenc- 
es in Table 1 which lists the methods of immobilisation, optical measurement 
technique, pH range, detection wavelengths and the reagents utilised for chem- 
ical transduction. The techniques of immobilisation of reagents used include 
physical methods such as adsorption, electrostatic attraction and entrapment, 
and chemical methods involving covalent attachment on a variety of polymeric 
matrices, have been widely employed in optical pH sensor development (Table 
1). A wide variety of reagent materials has been investigated to cover the entire 
range of pH, though each reagent system could be applied in a limited dynam- 
ic measurement range (ca. 2-3 pH units). A few attempts, however, describe the 
methods involved in broadening the dynamic pH range [7, 69, 98, 120-123]. 
Many of the pH sensors studied exhibit a dependence on the ionic strength of 
the medium, though a few report low or no ionic strength effects [100, 120, 122, 
124]. It should be noted that some of the literature reports, particularly recent 
ones, have described applications of optical pH sensors in industrial and envi- 
ronmental monitoring. 

In the following sections, we report an attempt to develop an optical pH sen- 
sor for monitoring work in low ionic strength waters. In this study the Mannich 
reaction is used for the covalent immobilisation of thymol blue onto an aminat- 
ed controlled-pore glass substrate. Covalent immobilisation in this way reduc- 
es problems associated with leaching of the indicator, thus significantly increas- 
ing the lifetime of the sensor. 

As ionic strength affects the response time of sensing systems and, in gen- 
eral, the rate constant of a reaction decreases with decreasing ionic strength, 
this sensing system has been designed to remove all barriers to the diffusion 
of the analyte to the immobilised indicator, in order to reduce reaction times. 
The removal of diffusion barriers is accomplished by first covalently immobi- 
lising the indicator onto a substrate, and then physically immobilising this sub- 
strate onto the surface of a film, so that analyte solution can flow directly over 
the immobilised indicator. This is interrogated with light from the distal end of 
an optical fibre bundle. 




pH range Chemical reagent X /nm Immobilisation method Measurement Ref. 

principle 

6-8 PR 557 Entrapment in agarose gel Absorbance 3 
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A wide range of TB, BCG, BPB, BTB, PR, BPR, Not given Physical adsorption onto XAD-4 beads; or Electro- Reflectance 14 
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3 

Materials and Methods 



3.1 

Immobilisation by the Mannich Reaction and Manufacture of Sensing Film 

The Mannich reaction was carried out as follows. Thymol blue (30 mg) was 
dissolved in 2 mL of methanol in a sealable vial. A 1-mL volume of pH 5 buff- 
er solution (pHydrion, Aldrich) was added. CPG particles (200 mg) were then 
added followed by 3 mL of 1:2 formaldehyde to pH 5 buffer solution (v/v). The 
vial was then sealed and submerged in a circulated water bath at 50 °C for 24 h. 
The particles with immobilised indicator were then rinsed with deionised water 
and buffer solutions (pH 2-12) until no further leaching of the indicator was 
observed. 

A sensing film was then to be constructed by binding the TB/CPG onto an 
acetate sheet. Controlling the thickness of the adhesive layer proved difficult, so 
it was decided that controlling the surface characteristics of the adhesive could 
result in a reproducible surface for the application of the CPG particles. For this 
purpose, a commercially available, optically transparent, UV curing polymer 
was used (Norland optical adhesive 68, refractive index 1.54). This adhesive is 
a flexible one-part adhesive containing no solvents. The monomer cured in less 
than 30 min under a low intensity UV lamp. 

A drop of monomer was rolled out onto an acetate sheet with a glass rod. This 
was then pre-cured under the UV lamp for 5 min. CPG particles with immobi- 
lised thymol blue were then sprinkled onto the film. The film was then placed 
under the UV lamp for a further 5 min. The excess particles were then shaken 
off and the film placed beneath the lamp once again for 30 min for complete cur- 
ing of the polymer. 

The act of pre-curing the adhesive created a surface that remained sticky but 
not totally set. The CPG particles bound to the surface of the adhesive and did 
not sink into it significantly. This meant that the thickness of the adhesive lay- 
er was not important. The amount of pre-curing controlled the depth to which 
the CPG particles sank into the adhesive layer. This control of the surface char- 
acteristics of the adhesive layer was paramount to the development of a repro- 
ducible sensing film. 



3.2 

Probe Head Design and Flow Cell Construction 

This design of the probe head allows the whole probe tip to be replaced as a sin- 
gle unit. The sensing film is at a fixed distance from the distal face of the opti- 
cal fibre bundle. The probe design, shown in Fig. 2, consists of a vented polypro- 
pylene cup that was a push fit onto the end of a fibre bundle. The polypropylene 
cup was cut from a pipette tip. A series of 1 mm holes were drilled into the side 
of the cup at the position where the reflectance gap was required. These would 
allow the analyte solution into the reflectance gap to interact with the sensing 
film, which was bound to the vented cup. Epoxy adhesive was applied to the rim 
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polypropylene 3 mm 

i 

holes 



optical fibre bundle 



sensing film backed 
with reflective tape 



Fig. 2. Vented cup-type probe head 
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Fig. 3. The probe-compatible flow cell 



of the cup and the sensing film was fixed to it. The sensing film was backed with 
reflective tape to increase the intensity of the reflected light. 

In order to simulate a probe functioning in a flowing system, a flow cell was 
designed where a probe head was held within a flow stream of solution. This 
probe-compatible flow cell is illustrated in Fig. 3. A cylindrical plastic chamber 
formed the main body of the flow cell. The cylinder was sealed at one end with 
a flat plastic disk attached with epoxy adhesive. The other end of the cylinder 
accepted a plastic bung in a push fit watertight seal. Projecting through the cen- 
tre of this bung was the distal end of a bifurcated optical fibre bundle. One of 
a variety of probe head designs could be attached to the end of this fibre bun- 
dle. Measurement solutions could enter and exit the flow cell through two open- 
ings in the side of the chamber. This arrangement was adjusted so that the probe 
head was held exactly in line with the inlet and the outlet. A peristaltic pump 
was used to circulate solutions through the flow cell. 

For the characterisation and calibration of this sensing device a series of 
constant ionic strength buffer solutions were prepared. Buffer solutions of pH 
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6 to 12 in 0.5 pH increments were prepared. These were of five different ion- 
ic strengths (0.005, 0.0525, 0.1, 0.55, and 1 M). A universal buffer stock solution 
was prepared in accordance with Britton and Robinson [125]. Buffer solutions 
of ionic strengths 0.005, 0.1 and 1.0 M were made up from this stock solution in 
accordance with the procedure in the literature [126, 127] by the addition of the 
appropriate amounts of NaOH solution (0.2 M), KCl and deionised water. Buff- 
er solutions of ionic strengths 0.0525 and 0.55 M were prepared by mixing the 
appropriate buffer solutions of 0.005 and 0.1 M and of 0.1 and 1.0 M respective- 
ly in a 1:1 ratio. All buffer solutions were stored in airtight high-density poly- 
ethylene bottles. 

4 

Instrumentation 

The commercially available Ocean Optics SIOOO charged coupled device (CCD) 
based spectrometer was used within a reflectance test rig. The reflectance test 
rig is shown schematically in Fig. 4. Light from the tungsten-halogen lamp 
(Ocean Optics LS-1) is coupled into one arm of a bifurcated optical fibre bun- 
dle. The light interacts with the sensing element in the flow cell and some is cou- 
pled back into the optical fibre bundle. Divergent light emerging from the opti- 
cal fibre into the spectrometer is collimated by a spherical mirror (SMI). The 
collimated light is diffracted by a planar grating (G) and is focused onto the 1- 
dimensional linear CCD array by a second spherical mirror (SM2). 

In order to overcome problems of sensing film photobleaching, a band pass 
interference filter was used in-line with the light source to restrict incident light 
to the region of interest. The filter was obtained from Coherent and had a 40-nm 
bandwidth centred at 660 nm with a maximum transmission of 82%. 
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Fig. 4. CCD spectrometer-based reflectance test rig 
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4.1 

Choice of Wavelengths 

Three points on a wavelength spectrum were employed in the interpretation of 
the response of this pH sensing system. First, for correction of detector drift, a 
wavelength was selected which was distant from areas in the spectra that were 
dependent on either pH or variations in light source intensity. If the response 
at a single wavelength was selected this would produce a noisy response as the 
response from a single CCD pixel is subject to noise. To overcome this, the mean 
response from all pixels over a wavelength range was utilised. This range is illus- 
trated as range a in Fig. 5 and corresponds to a range of approximately 20 nm 
centred on a wavelength of 610 nm. 

For dual wavelength referencing two wavelength ranges were chosen. The first 
corresponded to the wavelength where the system showed the greatest change 
in response for a change in pH. For this purpose, a 5-nm range was selected cen- 
tred on 641 nm. This is illustrated by range b in Fig. 5. Ideally, if the system is to 
exhibit a high sensitivity to the analyte, the second wavelength selected should 
be at a point where there is no change in response due to pH changes of solu- 
tion, but where it is still dependent on changes in the light source intensity. Such 
a point exists at 676 nm, which is an isosbestic point (Fig. 5). However, the steep 
gradient in response at this point due to the fact that it is at the edge of the trans- 
mission profile of the optical filter means that a very small change in the trans- 
mission profile of the filter due to temperature effects will result in large chang- 
es in the response at this wavelength. This effect results in a very noisy response 
in this area. Range c (Fig. 5) was selected in preference to the isosbestic point. 
This range is a 5-nm band centred on 668 nm. This range was selected as it was 
distant from the edge of the filter transmission spectra, and because it exhibit- 
ed a low sensitivity to pH. 




Fig. 5. Example of spectra for the filtered system over a range of pH 
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Using these wavelength ranges, the referenced response R^ef of the system is 
calculated as follows: 



^ref - 



(mean of range b - mean of range a) 
(mean of range c - mean of range a) 



This equation may be incorporated into the acquisition software of the spec- 
trometer such that jRref can be displayed in real time. A calibration function may 
also be incorporated so that the measured pH may be plotted in real time. 

5 

Results and Discussion 



5.1 

Variation of System Response between Films 



The variation in the response characteristics between different sensing films 
was investigated. Two separate batches (A and B) of immobilised indicator were 
prepared; these were then used in the manufacture of probe heads. Two probe 
heads were manufactured from each batch of immobilised indicator. Evaluation 
of the response of these four probe heads allowed a comparison between probes 
made from the same batch and between those of different batches. 

Figure 6 shows two calibration plots for both probe heads constructed from 
batch A of immobilised indicator. A convergence of the plots at a pH of approx- 
imately 9.5 represents the pK^ of the immobilised indicator. It can be seen that 
although all four plots are similar there is a slight difference in gradient of each 
probe head’s plots. This difference is visible as a divergence above pH 9.5. This is 
caused by probe A2 being slightly less sensitive than probe Al. 




“♦- caL 1 probe A I 
caL 2 pmbe A I 
caL I probe A 2 
cat 2 probe A2 



Fig.6. Calibration plots for two probe heads constructed from batch A of immobilised indi- 
cator 
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Fig. 7. Calibration plots for two probe heads constructed from batch B of immobilised indi- 
cator 



The difference between probes is greater with the second batch. Figure 7 
shows calibration plots for probe heads constructed using batch B of immo- 
bilised indicator (unfortunately, due to problems with the computer’s acquisi- 
tion software, data were lost and only one calibration plot was available for the 
probe Bl). It is apparent that significant differences exist between the response 
characteristics of individual probes. This being so, a comparison between differ- 
ent batches is meaningless. This means that further work must be done on the 
reproducible manufacture of the sensing films. However, the use of more repro- 
ducible probes will not replace the need for calibration. 

Calculation of the precision of each probe from these calibration plots pro- 
duced a variation of only 8.6 % between all four probes. The average precision 
of these probes was calculated to be 0.061 pH units ± 8.6 %. 



5.2 

Temperature Response 

Experiments were conducted at room temperature (25±1 °C), 30 ±1 °C, 40 ±1 
°C and 50 ±1 °C. Unfortunately, at 50 °C air bubbles were formed within the sys- 
tem. These caused the resulting spectra to become erratic and thus these results 
were discounted. 

Figure 8 shows calibration plots for 25, 30 and 40 °C. Although, there appears 
to be a steeper gradient to both the 30 and 40 °C plots it should be noted that the 
room temperature calibration was carried out 2 weeks before the other two. The 
fact that there is no difference between the plots at 30 °C and at 40 °C indicates 
that for changes in temperature up to 40 °C there is no significant effect on the 
response of this system. 

The fact that the effect of temperature above 40 °C could not be investigated 
with this system due to the build-up of air bubbles was regrettable and work is 
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25“C 

Hi-30"C 

4Q^C 



needed to investigate this further. However, were the system to be used industri- 
ally, the incorporation of a temperature control unit would be possible. 



5.3 

Longevity of Sensing Films 

The longevity of a sensing film in continuous use has been investigated. Using 
the LS-1 tungsten-halogen light source with the band-pass filter attached, a 
sensing film in a vented cup-type probe head was illuminated continuously for 
2.5 months. During this period, 0.005 M ionic strength buffer solution, at a pH 




Fig. 9. Calibration of sensing film at 0.005 M ionic strength after 2.5 months of continu- 
ous use 
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of approximately 9, was pumped through the flow cell over the probe head. This 
arrangement was to simulate 2.5 months of continuous use of the sensing sys- 
tem. After this period, the system was calibrated using 0.005 M ionic strength 
buffer solutions (Fig. 9). 

From the regression equation obtained from Fig. 9, the precision of the meas- 
urement was calculated. The precision was found to be 0.08 pH units whereas 
the precision at the beginning of this study was 0.064 pH units. This means that 
there was very little loss of sensitivity over 2.5 months. The severe effects of pho- 
tobleaching have been overcome by the use of an optical filter, which prevents 
high-energy radiation interacting with the sensing film. 



5.4 

Effect of Ionic Strength 

The effect of different ionic strengths of solutions on the response characteris- 
tics was investigated. The pH response of the system was calibrated using buff- 
er solutions of five different ionic strengths: 1.0 M; 0.55 M; 0.1 M; 0.0525 M and 
0.005 M. 

The calibration plots for all five ionic strengths are shown in Fig. 10. The 
plots are normalised at pH 6.2 in order to aid comparison. It can be seen that, in 
general, there is a decrease in the gradient with decreasing ionic strength. This 
translates into a decrease in sensitivity with decreasing ionic strength. 

These data may be used to estimate the precision of this system at low- 
er ionic strengths. If the gradient of each plot, at pH 9, is plotted against ion- 
ic strength, it can be seen that there is a logarithmic function that relates the 
two (Fig. 11). As an example, the ionic strength of a solution with a conductiv- 
ity of 20 pS was determined as 0.273 pM. Substituting this value into the loga- 
rithmic function (Fig. 11) gives a gradient of 0.0392. Taking the average error in 
referenced response from previous experiments, the precision is calculated to 




^•-0.005 M 
-WHQ.0525 M 
^O.I M 
-^0.55 M 
-•-LOM 



Fig. 10 . pH calibration plots for five different ionic strengths 
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be 0.085 pH units. This represents a 28% loss in precision from that obtained at 
0.005 M ionic strength. Although this is only a crude estimate, it gives an idea 
of the order of precision that this system would be expected to achieve at low- 
er ionic strengths. 

Studies have been carried out on the effect that ionic strength has on the 
response time of the system. Transitions between approximately pH 10 and 6 
have been recorded over time for all five ionic strengths. The time for 95% of the 
change to take place has been calculated for each (Table 2). 

If these values are plotted a logarithmic function can be fitted to the data (Fig. 
12). This function can be used to estimate the response time (f 95 o/o) for a solution 
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Table 2. Response times (^ 950 / 0 ) for five solution ionic strengths 




Ionic strength [M] [min] 




0.005 


9.14 




0.0525 


8.43 




0.1 


8.16 




0.55 


7.26 




1.0 


7.06 




of 0.273 pM 


ionic strength. Using this value for the ionic strength the response 


time can be calculated as 10.43 min. This is only a slight increase in 


response 


time (from 9.14 to 10.43 min) from 0.005 M ionic strength to the ionic 


strength 


of the 20 ]iS solution. 




Abbreviations 




AGl 


Anion exchange resin with -N(CH 3 ) 3 '^ functional group 




AG2 


Anion exchange resin with -N(CH 3 ) 2 C 2 H 40 H^ functional group 


EGA 


Bis(carboxylic acid) 




BCECP 


Not specified 




BCG 


Bromocresol green 




BCP 


Bromocresol purple 




BPB 


Bromophenol blue 




BPR 


Bromophenol red 




BTB 


Bromothymol blue 




BTBss 


Bromothymol blue sodium salt 




BTR 


Bromothymol red 




CCD 


Charge coupled device 




CNF 


Carboxynaphthofluorescene 




CPG 


Controlled pore glass 




CPR 


Chlorophenol red 




CR 


Cresol red 




DADPA 


Diaminodipropylamine 




EW 


Evanescent wave 




m-CP 


Metacresol purple 




FITC 


Fluorescein isothiocyanate 




HCC 


7 -hydroxycoumar in- 3 - carb oxylic acid 




HOPSA 


8-hydroxyl- 1, 3, 6-pyrenetrisulphonic acid 




HPTS 


l-hydroxypyrene-3,5,8-trisulphonate 




IRA-400 


Anion-exchange resin 




MR 


Methyl red 




NR 


Neutral red 




PBQ 


Poly(biphenylquinoline) 




PMT 


Photomultiplier tube 




PPQ 


Poly(phenylquinoxyaline) 
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PQ 


Poly(phenylquinoline) 


PR 


Phenol red 


R6G 


Rhodamine 6G 


SNARF 


Seminaphthofluorescein 


SNAFL 


Seminaphthorhodofluor 


SR-640 


Sulphorhodamine-640 


TB 


Thymol blue 


TBPP 


Tetrabromophenolphthalein 


TBPSP 


3,4,5,6-tetrabromophenolsulphonephthalein 


TRH 


Texas red hydrazide 


TTMAPP 


a,p,x,6-tetrakis(4-trimethylaminophenyl)porphine 


TP 


Thymolphthalein 


XAD-2 


Cross linked polymer of styrene and divinyl benzene 


XAD-4 


Cross linked polymer of styrene and divinyl benzene 
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CHAPTER 13 



Environmental and Industrial Optosensing with Tailored Lumi- 
nescent Ru(ll) Polypyridyl Complexes 

Guillermo Orellana, David Garcia-Fresnadillo 



1 

Introduction 

The sensitivity, specificity and versatility of optical methods for chemical deter- 
minations have turned spectroscopy into one of the most popular techniques 
for environmental analysis and process control [1, 2]. In most cases, however, 
the very same attractive features have led (so far) to expensive instrumentation 
and/or complex methods compared to, for instance, the well-established elec- 
trochemical sensors. Fibre-optic chemical sensors (also known as „optodes'') are 
bound to overcome such limitations provided they use cost-effective optoelec- 
tronics and prove to be specific, sensitive and robust enough to fulfill their ana- 
lytical tasks in air, water and soil quality monitoring as well as in the industri- 
al environment. 

Over the last 25 years hundreds of optical fiber sensors have been described 
for the analysis of chemical parameters but, surprisingly enough, hardly any 
of them has come onto the market yet [3]. The broadly different spectroscopic 
properties of the many optical indicator dyes [4], the necessity of immobilizing 
them onto a suitable solid support, the required selectivity and sensitivity, and 
the tough ambient conditions in environmental and industrial control, among 
other factors, are responsible for such a gap. Competition from improved alter- 
native sensors, the intrinsic cost of sophisticated optodes and their unavoida- 
ble field validation, as well as a frequent failure to recognize the end-user needs, 
help to explain the slow pace of transforming basic research in this area into 
industrial devices [5]. 

The design and synthesis of a homogeneous family of tailored luminescent 
indicators and the exploitation of selected sensing schemes are trying to fill the 
gap [6, 7]. Luminescent ruthenium(II) complexes have turned out to be the cor- 
nerstone of successful optodes for molecular oxygen monitoring, the first ones 
to be marketed by a number of companies [8]. As it will be described below, 
this fact is due to the recent availability of blue LEDs, the output of which over- 
laps with the strong absorption of such metal compounds, their well-separated 
luminescence in the red with ps emission lifetimes and their significant photo- 
chemical and thermal stability compared to most purely organic dyes. Moreo- 
ver, one (or more) of the coordinating ligands can be chemically modified (i) to 
adjust the net electrical charge («+, 0, n-) of the overall metal complex; (ii) to 
provide functional groups to attach the indicator dye to the polymer support; 
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(iii) to impart or enhance the interaction of the indicator with the targeted ana- 
lyte or to prevent response to interferent species; (iv) to alter the solubility of the 
dye; (v) to vary the spectroscopic properties of the complex. This chapter aims 
to illustrate how the unique features of this family of luminescent dyes can be 
employed to fabricate successful luminescent optosensors for on-line environ- 
mental and process analysis. Selected examples of the molecularly engineered 
dyes and photochemistries will be presented in some detail, such as those that 
have led to oxygen, temperature, pH, carbon dioxide, chloride, sodium ion, bio- 
chemical oxygen demand (BOD), selected metabolites and humidity fibre-optic 
(bio)sensing. 

2 

Ru(ll) Polypyridyl Complexes 

Since the first report by Paris and Brandt on the intense luminescence observed 
from the photoexcited [Ru(bpy) 3 ]^'^ cation (bpy = 2,2‘-bipyridine) in solution 
[9], a great deal of attention has been devoted to the study of Ru(Il) coordina- 
tion compounds with polyazaaromatic chelating ligands [10]. Such heterocyclic 
ring systems contain an a-diimine moiety that is responsible for their (mostly) 
bidentate properties (Fig. 1), so that up to three of them may be incorporated 
into the pseudo-octahedral coordination sphere of the transition metal (Fig. 1). 

The interest in these peculiar complexes was stimulated in the 1970’s by their 
ability to act as electron-transfer photoredox partners [11], and their potential 
use in devices for the chemical conversion and storage of solar energy through 
photocatalytic splitting of water. Although the severe limitations of schemes 
to accomplish the latter aim had already been put forward, active research on 
Ru(II) polypyridyl complexes^ was far from decreasing due to the broadness and 
variety of novel applications quickly demonstrated, e.g. quantum counters [12], 
luminescent probes for micelles and other organised media [13], artificial pho- 
tonucleases and photochemical reporters of the rich DNA morphology [14], 
constituents of supramolecular edifices [15], singlet molecular oxygen genera- 
tors [16], chemiluminescent analytical reagents [17], and optosensing dyes [6], 
to name just a few. Moreover, the thorough elucidation of the electrochemical, 
spectroscopic, photophysical and photochemical features of these metal com- 
plexes has been a challenging task for the scientific community [18]. 

The versatility of Ru(II) polypyridyls arises from the fact that both their 
ground- and excited-state optical and (electro)chemical properties, together 
with their solubility and charge, can be tuned both coarsely and finely by a judi- 
cious selection of the heterocyclic chelating ligands. Particularly, the binomial 
structural- electronic attributes of the latter (namely ring size, fusion and sub- 
stitution; nature, number, and position of the heteroatoms; number and type 
of polyazaaromatic ligands) allow the knowledgeable researcher to perform 



' Although, as will be shown in this chapter, many other azahetero cyclic chelating ligands 
that do not contain pyndme moieties have been used to coordinate the Ru(II) cation in ad- 
dition to the original 2,2‘ -bipyridine, the generic nenne polypyridyls pervades the literature 
and has been maintained to designate this family of related dyes. 
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Fig.l. General structure of the a-diimine chelating ligands and of the two prototypical 
2,2‘-bipyridine and 1,10-phenanthroline ligands, together with the 3-D structure of the 
[Ru(dip)3]2+ complex (dip = 4, 7-diphenyl- 1,10-phenanthroline) 



the molecular engineering required to tailor the photoluminescent and pho- 
tochemical features of the Ru(II) complex to the sought application. Obviously, 
this extraordinary versatility is very much desirable for sensor design and paves 
the way for developing a homogeneous array of indicator dyes based on a single 
family of coordination compounds. 
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2.1 

Light Absorption Features 

The UV-VIS absorption spectra of [Ru(bpy) 3 ]^'^ cation and its relatives (e.g. 
[Ru(phen) 3 ]^+, Fig. 2, where phen = 1,10-phenanthroline), and the assignment 
of the main bands to specific electronic transitions, is now firmly established 
[10]. The visible region of their spectra is dominated by a strong absorption 
peaking at 440-500 nm (typically 4000 < Cmax < 40 000 dm^ moh^ cm~^).^ On 
the basis of its intensity, shape and position, such a band has been ascribed to a 
spin-allowed d- 7 i^ met al-to -ligand charge transfer (MLCT) transition. Despite 
some initial controversy, the scarce orbital interaction between the chelating lig- 
ands in the complex seems to be established nowadays and, therefore, the lig- 
and-localised features of the photoexcited electron. For instance, in the case of 
a homoleptic complex (NN stands for any azaheterocyclic chelating ligand) the 
electronic transition might be accurately represented as: 

[Ru 2+(NN)3] + hv [Ru3+(NN)2(NN-)] 

Nevertheless, electron hopping between the different ligands is possible 
within the lifetime of the excited state. Excited-state absorption spectra, circu- 
lar dichroism, pico- and femto-second laser kinetic spectrometry, time-resolved 
resonance Raman, electrochemical measurements and theoretical calculations 



^ Usually two absorption maxima in the blue region are observed due to the D3 (or lower) 
symmetry of the homoleptic metal complexes and/or to the presence of different hetero- 
cyclic chelating ligands in the coordination sphere of Ru(II) (heteroleptic complexes). The 
lower symmetry of the latter molecules also yields broader absorption bands. 




X/ nra 

Fig. 2 Absorption ( ) excitation ( ) and emission ( ) spectra of [Ru(phen)3]2+ 

in water (the excitation spectrum has been offset for the sake of clarity; phen = 1,10-phen- 
anthroline) 
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support the ligand-localised model. If the coordinating heterocyclic ligands 
have very different electronic features, the promoted electron will dwell pre- 
dominantly in the most electron-withdrawing ligand (i.e. the one with the low- 
est-lying LUMO). 

The tail observed on the low energy side of the MLCT absorption band has 
been attributed to a spin-forbidden MLCT transition. The Ru(II) polypyridyls 
also display several bands in the UV region of the electronic spectrum (Fig. 2). 
The intense absorptions centred at 185-220 nm and at 280-320 nm (typically 
40 000 < Eniax < 100 000 dm^ mol“^ cm~^ correspond to intraligand transi- 
tions, as follows from their similar position to those of the corresponding free 
ligands. Other less intense absorptions (typically Cmax < 30 000 dm^ moL^ cm"^) 
observed between the ligand-centered and the MLCT bands are more difficult to 
assign but they are generally attributed to higher-energy MLCT or Laporte-for- 
bidden ligand-field (d-d) transitions. 

It has been shown that the position of the visible MLCT absorption is deter- 
mined by both a- and ix-effects [19]. Therefore, a decrease of the energy gap 
between the metal-based d(7i) and the ligand-centered orbitals (i.e. a red shift 
of the MLCT band) may originate from a rise in the energy level of the former 
(for example, due to stronger a-donor ligands) and/or a stabilisation of the latter 
(for example, caused by electron-withdrawing substituents on the ligands). 

As far as the heteroleptic [Ru(NN) 2 (NN‘)]^'^ complexes are concerned [ 10], their 
absorption pattern resembles the weighted electronic spectra of the correspond- 
ing component homoleptic chelates (i.e. 2/3 [Ru(NN) 3 ]^+ and 1/3 [Ru(NN‘)3]2‘^). 
Therefore, provided the absorption maxima of the latter are distant enough, two 
MLCT bands are normally observed in the spectra of the above-mentioned het- 
eroleptic Ru(Il) species, lending further support to the ligand-localised model of 




Fig. 3. Absorption spectrum of [Ru(bpy)2(pzth)]2+ in water (bpy = 2,2’-bipyridine; pzth = 
2-(l,3-thiazol-2-yl)pyrazine) 




314 Guillermo Orellana, David Garcia-Fresnadillo 




Fig. 4. Structure of some acidity-sensitive a-diimine chelating ligands; pzth = 2-(l,3-thia- 
zol-2-yl)pyrazine, 5-OHp = 5-hydroxy- 1,1 0-phenanthroline and pyim = 2-(2-pyridyl)- 1,3- 
imidazole 



the photoinduced electronic transition. Since the electronic features of the coor- 
dinated ligand determine the energy level of its orbital (vide supra), individu- 

al d-^ 7 i^ absorptions will be displayed by heteroleptic complexes containing aza- 
heterocyclic ligands with very difficult electron withdrawing/releasing proper- 
ties in the coordination sphere of the metal atom (Fig. 3). 

Naturally, acid-base equilibria of metal-chelated ligands, involving function- 
al groups or heteroatoms that do not participate in the binding to the Ru(ll) 
core, show up in the UV-VIS absorption spectra of the complex, too. Again the 
most pronounced changes occur when deprotonation or protonation of the 
metal complex provokes significant variations in the electronic distribution of 
the ligand. For instance, ground-state monoprotonation of the pyrazinyl moi- 
ety of coordinated 2-(l,3-thiazol-2-yl)pyrazine (pzth. Fig. 4) in [Ru(pzth) 3 ]^’^ 
shifts the MLCT maximum from 465 to 51 1 nm due to significant stabilisation of 
the 71 "^ orbital of the heteroaromatic acidic ligand [20]. Flowever, the acid-base 
equilibrium of 5-hydroxy- 1,1 0-phenanthroline (5-OHp, Fig. 4) in [Ru(tmp)2(5- 
OHp)]^'^ (tmp = 3,4,7,8-tetramethyl-l,10-phenanthroline) does not produce any 
measurable change in the MLCT blue absorption band of the complex [21]. 

It must be born in mind that the Ru(II) core may alter dramatically the 
ground-state acid/base properties of the coordinated ligand from those 
observed for the/ree ligand. For example, the piCa for protonation of pzth (0.8) 
drops to -1.9 in [Ru(pzth) 3 ]^'*^ because of the strong electron-withdrawing effect 
of the transition metal ion [20]. Spectrophotometric titration yields a pK^ val- 
ue of 7.9 for the [Ru(bpy) 2 (pyim)]^'^ complex (pyim = 2-(2-pyridyl)-l,3-imida- 
zole. Fig. 4), a 10^-fold increase in the acidity of the free imidazole ligand [22]. 
The electronic effect of the metal center will be maximum when the acid/base 
functional group or atom sits in a conjugated position with respect to the coor- 
dinated nitrogen atoms. 

2.2 

Luminescence Features 

After some initial controversy, it is now well established that the orange-red 
luminescence displayed by photoexcited Ru(II) polypyridyls arises from a radi- 
ative Ti^-dTX electronic transition [10, 18]. The emission quantum yield (<1>l) of 
^[Ru(bpy) 3 ]^'^ in oxygen-free aqueous solution at 298 K (very often used as a 
quantum yield standard) is 0.042 ± 0.002 [23]. However, values as high as 
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0.40 for [Ru(dip)3]2^ (dip = 4,7-diphenyl- 1,1 0-phenanthroline) have been deter- 
mined in deaerated fluid media at room temperature [24]. Not every Ru(ll) 
complex with polyazaheterocyclic chelating ligands displays luminescence: for 
instance, [Ru(pyim)3]2+ and [Ru(Me-pyim) 3 ]^^ (pyim = 2-(2-pyridyl)- 1,3-imi- 
dazole and Me-pyim = l-methyl-2-(2-pyridyl)- 1,3-imidazole) do not emit at 
room temperature due to the very low-lying tt^ of the diazole moieties (vide 
infra), yet their orange-red photoluminescence switches on in alcohol medium 
at 77 K [10,25]. 

Although the lowest excited state responsible for the emission is commonly 
regarded as a triplet metal-to-ligand charge transfer (^MLCT) level,^ generated 
by fast (and efficient) intersystem crossing from the initial singlet MLCT state 
reached upon light absorption (Fig. 5) [26],^ the strong spin-orbit coupling pro- 
vided by the heavy metal loosens the meaning of spin labels. The same effect 
determines the excited state lifetimes of ruthenium polypyridyls at room tem- 
perature to be typically in the order of 0.1-7 ps, too short for a regular phos- 
phorescence but clearly exceeding those of a fluorescent emission (e.g. the excit- 



^ Due to symmetry reasons, even for homoleptic Ru(Il) polypyridyls, the emissive ^MLCT 
excited state is actually a manifold of at least three very close-lying (e.g. within 0.12 kj mol'^ 
for the bpy complex) levels where the photoexcited electron is in thermal equilibrium. 
Therefore, they are usually considered as a single excited state [10]. 

The quantum yield of intersystem crossing from the ^MLCT to the ^MLCT state has been 
determined to be 1.0 for Ru(bpy) 3 ^^ and several other analogues [10], yet generalisation of 
this situation to all Ru(II) polypyridyls is very dangerous. For instance, ^isc values as low 
as 0.24 have been measured by laser kinetic spectrometry for Ru(II) complexes containing 
azole-coordinated moieties [26]. 



^MC 




Fig. 5. General Jablonski diagram displaying the excitation of a Ru(II) complex to its 
^MLCT excited state and the major non-radiative deactivation processes competing with 
luminescence 
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ed state lifetime of '^[Ru(bpy) 3 ]^'^, '^[Ru(phen) 3 ]^’^ and ^[Ru(dip) 3 ]^'^ are 0.61, 1.0 
and 4.7 ps, respectively in oxygen-free aqueous solution at 295 K) [10]. While 
the radiative deactivation rate constant from the ^MLCT state is similar for most 
Ru(Il) polypyridyls (3-6 x 10^ s“^, their non-radiative return to the ground 
state may show markedly different rate constants due to electronic factors (10- 
1000 X 10^ s-i). 

Deactivation of the ^MLCT state may also proceed by thermally activat- 
ed crossing to a near higher-lying metal-centred (^MC) level which, in turn, 
decays to the ground state without emission (Fig. 5). Such (antibonding) MC 
excited state is also responsible for ligand photosubstitution reactions, i.e. undesir- 
able dye photodegradation [27]. The latter effect is particularly dramatic in less 
polar solvents (or polymer matrices) and in the presence of nucleophilic coun- 
teranions or other basic species due to important ion pairing in these media. 
Photolability is minimized if chelating polyazahetero cycles with high-energy 
7 x^ orbitals or caged polypyridyl ligands are selected [27, 28]. Nevertheless, pho- 
todecomposition quantum yields of most Ru(II) polypyridyls in water is sever- 
al orders of magnitude lower that those of purely organic dyes. 

The MLCT nature of the electronic transition dramatically enhances the 
polarity of Ru(ll) polypyridyls in their excited state, making their emission sen- 
sitive to the microenvironment (e.g. solvent polarity) around the dye. Moreo- 
ver, deuteriation experiments have shown that the 0-H oscillators are efficient 
quenchers of the ^MLCT state so that the emission lifetime tends to be shorter 
if the Ru(ll) dye is dissolved in hydroxylic solvents or immobilised on OH-con- 
taining supports [23]. 

The emission wavelength of Ru(ll) polypyridyls undergoes a significant hyps- 
ochromic shift (20-30 nm) upon freezing of their solutions to 77 K. This effect 
has been attributed to rigidochromism: the highly polar ligand-localized excit- 
ed state is quickly and strongly solvated in fluid solution; in a solid matrix (not 
necessarily at 77 K) the polar molecules around the photoexcited complex can- 
not re-orientate so fast and, therefore, a less stabilised excited state is produced 
[29]. A similar effect has been observed in many cases when the luminescent 
Ru(ll) complex is electrostatically or covalently immobilized or entrapped in a 
solid support (Nafion) [30]. 

The largely triplet nature of the lowest-lying electronic excited state of Ru(Il) 
polypyridyls (vide supra) determines the rather long emission lifetime (t) dis- 
played by these unique dyes. Although luminescence lifetimes ranging from 
0.020 to 7 ps have been measured in deaerated fluid solution at room temper- 
ature, typical values in air-equilibrated media (including polymer-support- 
ed Ru(ll) complexes) are found in the 0.1 -2.5 ps region. Unlike triplet states 
of purely organic dyes (and some inorganic species), the ^MLCT excited state 
lives short enough to survive quenching by molecular oxygen that kills phos- 
phorescence at room temperature under most experimental conditions [31]; 
unlike the short-lived singlet excited states of most organic fluorophores, the 
^MLCT excited state lasts enough to facilitate the development of optosensors 
based on luminescence kinetics (both time-resolved and phase-sensitive detec- 
tion) instead of just using the emission intensity [32]. Fluorescent dyes with 
decay profiles in the few nanosecond time window require sub-ns pulsed exci- 
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tation sources and expensive (fast) transient digitizers for analytical measure- 
ments based on time-resolved emission kinetics; if phase-sensitive detection is 
used, MHz-GHz modulation frequencies are required to achieve the most sen- 
sitive analytical response (the emission phase shift, (|)) since tan (|) = 2tx/c, where 
/is the modulation frequency of the excitation source [32]. 

Even with the latest advances in optoelectronics, the less demanding require- 
ments (longer-pulsed light sources, relatively slower signal acquisition or kHz- 
modulated excitation) imposed by the longer-lived luminescent Ru(ll) com- 
plexes have made them the dyes of choice for optosensing applications based on 
X measurements.^ The recent availability of inexpensive light-emitting diodes 
(LED) and laser diode (LD) sources down to the near UV range (370 nm), and 
particularly the blue LEDs and LDs [33], that can be either pulsed with ns width 
or modulated at the required frequencies, allow a perfectly matched excitation 
of the Ru(Il) polypyridyls and cheap instrument designs. While the modern 
red-sensitive compact photomultiplier modules that contain power electron- 
ics and amplifier in a 20-cm^ volume, are versatile sensitive detectors for those 
dyes, solid-state avalanche photodiodes (APDs) are a more rugged and cheaper 
option for detecting the emission from the most photoluminescent metal com- 
plexes. 

Recently, Ru(ll) polypyridyls covalently linked to polycyclic aromatic hydro- 
carbons (PAHs) (Fig. 6) have been demonstrated to display emission lifetimes in 
excess of 100 ps [34]. The energy of the lowest-lying triplet excited state (Ti) of 
pyrene, anthracene and other PAHs is similar to that of the ^MLCT state of the 
Ru(II) complexes; as a consequence, an equilibrium is immediately established 
between ^MLCT and Ti to yield an extremely long-lived ^MLCT emission (in 
rigorously oxygen-free solution) due to the ms excited state lifetime of Ti. The 
dramatic slow down of the ^MLCT deactivation kinetics is a function of the PAH 
structure (pyrene boosts the ^MLCT emission lifetime more than anthracene or 
naphthalene due to the more similar Ti energy level of the former) and of the 
type of covalent link between the two moieties. The oxygen sensitivity of such 
conjugates increases dramatically according to their photophysical features. 



^ Luminescence /z/efzme-based analytical measurements are intrinsically more robust than 
intensity-based determinations. This is due to the fact that the former are not subject to 
fluctuations, drift and/or ageing of both the light source and the photon detector, are im- 
mune to dye leaching (as far as a minimum amount of it to be measured remains at the sen- 
sitive tip), and are not affected by photobleaching of the dye (provided the decomposition 
products are not luminescent). Advantages of the frequency domain approach are the fol- 
lowing [4]: (i) the averaged frequency domain waveforms have less noise when compared 
to the time domain waveforms; (ii) the frequency domain signal is easier to capture since 
it expands over much longer time periods; (iii) signals with reduced harmonic content can 
be determined with fewer samples and, in turn, fewer data points translate into faster data 
processing speeds, an advantage for real-time implementations; (iv) no deconvolutions are 
necessary in the frequency domain compared to the time domain measurements, where 
the need for them adds extra software and computation time and limits the versatility of 
time domain techniques for real-time applications. Moreover, phase-sensitive lumines- 
cence detection is generally regarded as superior compared to time-resolved acquisition 
due to the cheaper and simpler electronics required to collect the signal in the former. 
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Fig. 6. Some a-diimine chelating ligands incorporating polynuclear aromatic hydrocar- 
bons; anth-bpy = 4-methyl-4‘-[2-(2-naphthyl)ethyl]-2,2‘-bipyridine, py-bpy = 4-pyren-l- 
yl-2,2‘-bipyridine and py-phen = 5-pyren-l-yl-l,10-phenanthroline 



2.3 

Redox Features 

The existence of a metal center confers a rich redox (photo)chemistry upon 
Ru(ll) complexes with polyazaheteroaromatic ligands [10]. The relative stabil- 
ity of other oxidation states (typically 111 and 1) in this family of dyes, togeth- 
er with their long excited-state lifetimes (see above), makes them efficient 
partners in many photoinduced electron transfer reactions to and from their 
^MLCT level [11]. Occurrence of such processes opens up a competitive (pho- 
tochemical) deactivation pathway, so that the luminescence intensity and life- 
time of Ru(II) polypyridyls diminish accordingly. With the aid of widely availa- 
ble experimental techniques such as cyclic voltamperometry or pulse polarog- 
raphy, up to four redox potentials (namely E^'^ and E^'~) can be 

routinely measured at room temperature in dry acetonitrile or dimethylforma- 
mide. The family leader [Ru(bpy) 3 ]^+ displays ground-state redox potentials of 



^ There is an annoying difficulty in comparing the redox potentials reported in the litera- 
ture for Ru(ll) polypyridyls. Some authors report them vs. the Normal Hydrogen Electrode 
(NHE) while others prefer to do it vs. the Standard Calomel Electrode (SCE). While the dif- 
ference between the potential of both reference electrodes is well known, correction of ex- 
perimental values is not straightforward. Redox potentials for Ru(Il) polypyridyls are usu- 
ally measured in non-aqueous medium (dry acetonitrile) so that the use of a (aqueous) 
SCE reference leads to an important liquid-junction potential and severe drift due to the 
incoming organic solvent. Special reference electrodes are available for non-aqueous sol- 
vents, particularly the Ag/AgN 03 in acetonitrile for this medium. However, the relation- 
ship between the redox potential vs. this electrode and SCE or NHE is ill defined. From our 
experience, the redox potentials of Ru(II) polypyridyls reported vs. NHE and SCE should 
be compared directly (i.e. without applying the conversion factor of 0.24 V that separates 
them), due to the fact that a fortunate coincidence roughly equals such a difference to the 
unavoidable liquid-junction potential (and other possible effects). 
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+ 1.26, -1.43, -1.61 and -1.86 V/NHE, respectively.^ Nevertheless, the presence 
of electron-withdrawing ligands (e.g. pzth. Fig. 4) in the coordination sphere 
enhances the 3+/2+ redox potential of the corresponding Ru(ll) complex: good 
7i-acceptor heterocyclic rings possess low lying (vacant) orbitals capable of 
mixing efficiently with the filled metal d(7x) orbitals (“n-back-bonding”), low- 
ering the energy of the latter and therefore increasing the oxidation potential of 
the metal polypyridyl complex. Introduction of electron-donating ligands (e.g. 
pyim. Fig. 4) raises the d(Ti) level of the metal complex and provokes a decrease 
of 

Unlike the oxidation potential, of these dyes is related to the energy 
of their lowest-lying orbital of the ligand sphere. In this way, the reduction 
potential becomes less negative as the n-acceptor character of the heteroaro- 
matic ligands increases. Given the variety of known polypyridyl chelating lig- 
ands, £3+/2+ j-edox potentials ranging from +0.4 to +2.0 V/NHE and redox 
potentials from -0.7 to -1.8 V/NHE have been determined [10]. Since the lowest 
excited state of Ru(II) polypyridyls is located ca. 2 eV above their ground state 
(E®‘^), the oxidation and reduction potentials of the former can easily be esti- 
mated (£3+/2+>^ _ £3+/2+ _ £0-0 £2+*/+ - £2+/+ £0-0y 

While their tunable redox potentials can make luminescent Ru(II) polypy- 
ridyls very attractive indicator dyes for a number of electroactive analyte spe- 
cies, it is also a matter of worry as far as chemical interference is concerned. For 
instance, oxidizing gases such as sulphur dioxide or chlorine severely perturb 
the response of luminescent oxygen sensors based on [Ru(dip) 3 ]^'^ and ana- 
logues. Sometimes the interfering species may be kept at bay through a judi- 
cious choice of the polymer support of the indicator dye: for instance, embed- 
ding [Ru(dip) 3 ] 2 ‘^ into a gas-permeable membrane (e.g. silicone rubber or 
polyester) to fabricate sensors for dissolved O 2 avoids interference of water- 
soluble metal ions or other polar species of appropriate redox potential (see 
below). 



2.4 

Preparation 

The wide variety of heterocyclic chelating ligands described in the literature has 
led to multiple synthetic procedures to prepare their coordination complexes 
with Ru(II) [35]. Nevertheless, agreement on the optimum method of synthesis 
has not been reached so far. Anderson and Seddon [36] have stated that the best 
procedure to prepare homoleptic Ru(II) polypyridyls is reduction of commer- 
cially available RuCl 3 *xH 20 (in alcohol solution) with dihydrogen (ca. 2 atm) in 
the presence of platinum black. Subsequent reaction with an excess of ligand 
leads to „high“ chemical yields (ca. 60%) of a very pure metal complex (after 
column chromatography and recrystallization!) [36]. Heating of RuCl3*xH20 
and the polyazaheteroaromatic ligand in methanol, ethanol or dimethylforma- 
mide has also been used. However, according to our experience, one of the best 
methods for preparation of homoleptic Ru(II) polypyridyls is that described 
by Meyer and coworkers [37]. Such procedure involves heating at reflux in eth- 
ylene glycol (ca. 200 °C) a solution of RuCl3*xH20 and 20-30% excess of ligand 
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over the stoichiometric amount/ The advantages of this method can be sum- 
marised as follows: 

- Applicability of the synthesis is wide enough; polypyridyl ligands with very 
different electronic properties lead to good yields (typically > 70%) of the 
corresponding [Ru(NN) 3 ]^'^ complex [25]. 

- Product isolation is very efficient after cooling down the reaction mixture to 
room temperature, dilution with some water, filtration through sintered glass 
and dropwise addition of a concentrated solution of ammonium hexafluor- 
ophosphate. The Pp6“ salt precipitates out immediately and can be recovered 
easily by filtration, followed by thorough washing with water to remove the 
alcohol solvent and ether (or halogenated solvents) to remove unreacted lig- 
and. If the water-soluble chloride salt is desired, metathesis of the counteran- 
ion can be performed in an anion-exchanger column. 

- Thanks to the high temperature (higher still can be achieved using glycerol 
instead of ethylene glycol), the reaction time is relatively short (typically 1- 
3 hours and very often less than 60 min) and the reaction can frequently be 
monitored visually: the initial dark brown of the solution (RuCb) changes 
quickly to dark green (corresponding to the [Ru(NN) 3 ]^‘^ complex). Forma- 
tion of the homoleptic Ru(II) complex is signalled by the orange-red colour 
change of the reaction mixture. The higher reaction rate of this procedure is 
a consequence of the reducing power of ethylene glycol (compared to mono- 
hydroxyl alcohols) and the high temperature of the synthetic procedure. 

- Since no “foreign” reducing agents are used [36], the purity of the product is 
very high, particularly after re-precipitation of the homoleptic complex from 
diethyl ether/acetonitrile or diethyl ether/acetone mixtures. 

It has been discussed above that heteroleptic Ru(II) polypyridyls (e.g. Fig. 3) 
are interesting indicator dyes because the different ligands allow a fine tun- 
ing of the electronic, physico-chemical and photochemical features of the com- 
plex. Heteroleptic Ru(II) polypyridyls are usually prepared from the precur- 
sor bis(chelate)dichloro complex and the stoichiometric amount (or a ca. 10% 
excess) of the second azaheteroaromatic ligand in a solvent compatible with the 
solubility of the latter (e.g. dimethylformamide, ethanol, methanol,...). The bis 
(chelate)dichlororuthenium(II) species is synthesised by heating the commer- 
cial RuCl 3 *xH 20 salt and the stoichiometric amount of ligand in the presence of 
a large excess of LiCl (typically 6-20 mol per mole of Ru(III) salt) in DMF. The 
reaction does not normally afford the target complex if the corresponding chlo- 
ride salt of the homoleptic species is very insoluble in the medium used. In this 
case, the [Ru(NN) 3 ]^‘^ complex precipitates out and is the major product. The bi 
s(chelate)dichlororuthenium(II) species is isolated by slow introduction of ace- 
tone (or other volatile miscible solvent) in the reaction mixture by placing both 



^ Although the reported procedure does not mention it, the reaction is best carried out un- 
der argon or dinitrogen. The inert atmosphere protects the chelating ligand from oxidation 
at the high temperature used, and facilitates reduction of the initial Ru(III) species to the 
more stable Ru(II) product. 
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the reaction mixture and the solvent in a closed container over a few days at 
room temperature. The acetone vapours progressively dissolve in the DMF solu- 
tion and promote precipitation of the neutral metal complex. 

The most critical issue of the synthesis of heteroleptic species is their essen- 
tial purification from the accompanying reaction products (starting materi- 
als, the corresponding homoleptic complexes and other heteroleptic complex- 
es formed by ligand methathesis). There is no general recipe to carry out an 
adequate purification: the ligand structure, overall charge of the metal com- 
plex, and the presence of particular functional groups may render the report- 
ed procedures useless. Currently, preparative HPLC is sometimes used but its 
cost and time-consuming optimisation of the product separation remove part 
of its appeal. Column chromatography is probably the most general purification 
technique. However, traditional stationary phases and eluents used in organ- 
ic synthesis are not appropriate for separating mixtures of Ru(Il) complexes 
due to the extremely high retention in those phases. Ion-exchange column chro- 
matography on anionic or cationic Sephadex®, cellulose or polystyrene resins, 
together with an aqueous NaCl or HCl concentration gradient, are very con- 
venient separation media. In any case, extremely caution should be exercised to 
avoid contamination of the luminescent heteroleptic complexes by the usually 
much more luminescent homoleptic species. Such contamination may ruin the 
effect of the analyte on the indicator sensitivity or may lead to undesired sen- 
sor responses. Actually, careless purification of Ru(II) complexes has sometimes 
led to literature claims of dual luminescence or multiexponential decay profiles, 
among other flaws. 

Structural confirmation of the novel Ru(II) polypyridyls is not an easy task 
either. Molecular complexity (particularly for species with the lowest symme- 
try such as heteroleptic ones bearing asymmetric or asymmetrically-substitut- 
ed chelating ligands), together with the small amounts of luminescent indica- 
tor dyes usually prepared after a multi-step synthesis, create such difficulties. 
Aside from the tedious crystallisation plus X-ray diffraction (XRD) technique, 
high-field nuclear magnetic resonance (> 300 MHz for ^H-NMR) and the mod- 
ern 2-D NMR methods are the most powerful structural elucidation tools, pro- 
vided at least a 20-30 mg sample is available and solubility permits [38]. In this 
regard perdeuteriated dimethyl sulfoxide and acetonitrile are the most common 
solvents. A thorough analysis of the coordination-induced shifts of the NMR 
signals, i.e. comparing those of the free and the Ru(II) -chelated ligands, pro- 
vides a „picture“ of the target molecule that rivals XRD, including structural 
and coordination isomer assignment, molecular configurations and electronic 
features of the metal-ligand interaction [38]. The huge chemical shift range of 
^^Ru-NMR spectroscopy (more than 10,000 ppm!) and its correlation to the met- 
al-centred electronic transitions were promising tools for investigating Ru(II) 
polypyridyls [39]. However, the small sensitivity of this quadrupolar nucleus, 
together with its very low resonance frequency (H = 4.605 MHz) and wide sig- 
nals, deter from the practical use of this technique for most complexes. 

Mass spectrometry with electrospray ionisation is increasingly used due to 
wider availability of the specialised apparatus and the extremely small sample 
size required. Nevertheless, impurities may go unnoticed if they do not gener- 
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ate abundant ions with the same charge as the major Ru(II) product obtained. 
Precise determinations of the luminescence lifetime of the novel dye in organic 
solvent solution, using time-correlated single photon counting (TC-SPC), may 
help to reveal impurities and even to shed light on their possible chemical iden- 
tity. Acquisition of a high enough number of counts (typically over 10,000 at the 
peak channel) and sufficiently different emission lifetimes (> 2-fold, e.g. those 
of a mixture of homoleptic and heteroleptic complexes) are desirable features 
for the success of this analytical technique. However, on-line monitoring (using 
fibre optics) in the UV-VIS region of the electronic absorption spectrum is the 
most convenient and simple way of following the progress of the metal compl- 
exation (for instance, from the dichlorobis(chelate) complex to the heteroleptic 
species, see above). Moreover, careful inspection of UV-VIS absorption features 
in combination with the above mentioned emission lifetime determinations in 
solution may be powerful criteria in many instances to assess the purity of the 
indicator dye. 



2.5 

Physical Properties 

Ru(II) coordination complexes with azaheterocyclic chelating ligands are isolat- 
ed as salts of various counter anions (Pp6“, Bp 4 ~, CP, C 104 ~). They usually con- 
tain one or more solvent molecules after the crystal formation. Therefore, they 
are solids with high melting point (typically over 300 °C, with decomposition). 
Salts with the bulkier anions tend to be soluble in polar aprotic solvents (ace- 
tonitrile, dimethyl sulfoxide, dimethylformamide,...) and methanol; chlorides 




Fig. 7. Examples of structural modification in the 1,10-phenanthroline ligand to alter the 
physical properties of the corresponding Ru(II) complexes; 5-odap = V-l,10-phenanthro- 
lin-5-yloctadecanamide, dip = 4, 7-diphenyl- 1,10-phenanthroline and pbbs = 1,10-phenan- 
throline-4,7-diyl)bis(benzenesulfonate) 
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are best solubilised in water. The solubility of Ru(II) complexes is also high- 
ly dependent on the peripheral substituents. For instance, tris(N-l,10-phenan- 
throlin-5-yloctadecanamide)ruthenium(II) (Fig. 7) is significantly soluble in tol- 
uene or chloroform [40] , and a 1 0"^ M solution of tris(4, 7-diphenyl- 1 , 1 0-phenan- 
throline)ruthenium(II) (Fig. 7) in dichloromethane may be readily prepared, 
yet tris[(l,10-phenanthroline-4,7-diyl)bis(benzenesulfonate)]ruthenium(lI) 
requires water to achieve the same concentration. Solubility of Ru(Il) polypyri- 
dyls bearing acidic or basic functional groups (CO 2 H, NH 2 ) is strongly depend- 
ent on pH. Amphiphilic counter-anions (e.g. sodium dodecylsulfate) have also 
been used to increase the solubility of the metal complexes in hydrophobic 
media (e.g. polymer matrices) [41]. Therefore, not only may the spectroscopic 
features of Ru(II) indicator dyes be finely tuned to the target analyte species, but 
it is also possible to adjust their physical characteristics to the dye immobilisa- 
tion procedure and to the sample nature. 

Introduction of tailored chemical groups in the periphery of the coordina- 
tion compound is a way of covalently tethering the indicator dye to a suitable 
polymer support. Formation of a chemical bond between the optical indica- 
tor molecule and an inorganic or organic substrate is the best way of increas- 
ing sensor life, but suitable functional groups and linkers based on non-com- 
mercially available ligands are needed and the synthesis and purification proce- 
dures are lengthy, affording lower chemical yields. Moreover, it is not infrequent 
that the photophysical and photochemical properties of the indicator dyes (vide 
supra) undergo a substantial change upon covalent binding onto a solid support. 




Fig. 8. Heteroleptic Ru(II) complex covalently bound to porous glass via a sulfonamide 
bond 
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Nevertheless, a careful selection of the functional groups and of the chemical 
reaction may yield very useful luminescent sensors. For instance, a Ru(II)-based 
sensor for measuring molecular oxygen in organic media has been developed 
by reacting sulfonate-substituted Ru(II) polypyridyls and aminopropyl porous 
glass (Fig. 8) [42]. Such a sensitive phase avoids the use of silicone or other poly- 
mer membranes (typically employed in oxygen optodes and electrodes) to hold 
the indicator dye that do not withstand many organic solvents such as those 
commonly found in the chemical industry. 



2.6 

Photochemistry 

Ru(II) coordination complexes with polyazaheteroaromatic chelating ligands 
display a rich photochemistry due to their long-lived (lowest) excited state, sig- 
nificantly high oxidation and reduction potentials upon illumination, and fea- 
sibility of efficient energy transfer (see above) [10, 11]. Moreover, introduc- 
tion of appropriate substituents into the ligands may provide additional pho- 
tochemistry (e.g. proton transfer, redox, complexation, isomerisation,...). While 
the variety of photochemical reactions is excellent for designing a large number 
of luminescent sensors based on those complexes, it also poses the drawback 
of multiple interfering chemical species that might prevent, at a first glance, the 
development of useful sensors based on such materials. Polymer support of the 
indicator dye, together with additional polymer layers covering the indicator 
phase, are the best means of keeping off unwanted chemical and biological spe- 
cies. 

The Stern- Volmer treatment of luminescence quenching (Eqs. 1 and 2) [43] 
describes bimolecular reactions involving photoexcited Ru(II) polypyridyls (tq, 
r, (pQ and 0 are their excited state lifetimes and emission quantum yields in the 
absence and in the presence of quencher, respectively, and fcq is the bimolecular 
quenching rate constant). 

Pq/<P = 1 + kqio [quencher] (1) 

Tq/t = 1 -}- kqTo [quencher] (2) 

Both equations are coincident if purely dynamic deactivation of the excited 
state of the luminophore occurs. However, if this process competes with static 
quenching (i.e. both species are associated before photoactivation, with a con- 
stant the expression for contains higher order terms (e.g. Eq. 3) while 
Eq. (2) is still valid since the „static“ component of the excited state deactiva- 
tion may be regarded as instantaneous compared to the “dynamic” bimolecu- 
lar process [44]. 

PqIP - 1 + (fcqro+ K^s) [quencher]-^ /CqioKas [quencher] (3) 

Obviously, more complicated behaviours may be found, particularly in 
(micro)heterogeneous media [45,46]. This is a consequence of the heterogene- 
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ous distribution of Ru(II) indicator dyes, quencher molecules and photophys- 
ical and photochemical rate constants after incorporation into/onto solid sup- 
ports. In these cases, the Stern-Volmer plots (Eqs 1 and 2) are no longer linear 
(even if purely dynamic quenching takes place). Examples of such behavior will 
be discussed for the oxygen sensors. 

A number of inorganic species deactivate the ^MLCT excited state of Ru(II) 
polypyridyls, most of them by photoinduced electron transfer (PET) [11]. 
Ions such as Fe(III), Cu(II), Eu(III), Tl(III), Ag(I), Hg(II) and 5208^- quench 
^[Ru(bpy) 3 ]^‘^ oxidatively to yield the Ru(III) species as the product. With Fe(II), 
Eu(II), S 03 ^" and ascorbate, the excited state of the complex (and luminescent 
relatives) is photoreduced. Quenching by Cr(III) and Ti(III) has been proposed 
to occur by energy transfer. Bimolecular deactivation rate constants (/Cq) span 
four orders of magnitude: while '^[Ru(bpy) 3 ]^‘^ quenching by Eu(III) in water 
is relatively slow (fcq = 3.6 x 10^ L mol"^ s"0> Fe(III) deactivates the same dye at 
a much faster rate (fcq = 2.7 x 10^ L mol~^ s"^). Oxygen is one of the few mole- 
cules that effectively quenches Ru(II) polypyridyls (fcq = 3.2 x 10^ L mol“^ s~^ in 
water) predominantly by energy transfer. Other transition metal complexes also 
quench the luminescence from these dyes with rate constants in the range of 
108 to IQio L mol-i s-h [Co(NH3)6]^^ [Ru(NH 3)6]^^ [Fe(C 204 ) 3 ]'-, [Rh(bpy)3]^^ 
[Cr(bpy) 3 ]^+, [Fe(phen)3]3+, [Co(phen) 3 ]^+, [Fe(CN)6]^", [Ni(CN) 4 ] 2 - and 
[Cu(acac) 2 ] are a few examples. Static quenching with oppositely-charged spe- 
cies plays an important role in the quenching processes and ion-pairing con- 
stants can be calculated therefrom. Organic compounds also quench the lumi- 
nescent ^MLCT state of Ru(II) polypyridyl dyes [11]. Oxidative deactivation has 
been demonstrated by laser flash photolysis for nitroaromatics, quinones and 
bipyridinium ions („viologens“), with rate constants above 10^ L mol"^ s"^ (i.e. 
close to diffusion-control rates) in water and organic solvents. ^[Ru(bpy) 3 ]^+ 
and the like are also efficiently quenched reductively by aromatic amines and 
dithioanions to afford the Ru(I) complex. The latter are strong reductants that 
react with numerous species including water, so that these reactions are normal- 
ly carried out in non-aqueous solvents. Energy transfer to anthracene, pyrene, 
stilbene and benzophenones has been documented. Organometallics such as 
ferrocene and related species also quench the excited state of Ru(II) polypyri- 
dyls by photoinduced energy transfer. 

Particularly interesting for the development of optosensors based on Ru(II) 
polypyridyl dyes is luminescence resonance energy transfer (LRET) to suita- 
ble organic dyes. If the donor (Ru complex) and the energy acceptor (typically 
a colourimetric indicator that absorbs in the red) are within the characteristic 
Forster distance, and if the acceptor absorption spectrum changes in response 
to the analyte, then the emission intensity and lifetime of the donor will change 
in response to the analyte [47]. Consequently, LRET can be used for sensing a 
wide variety of species (pH, CO 2 , ammonia, glucose,...) [47]. Nevertheless, the 
phenomenon of LRET requires an acceptor concentration of about 1-10 mM to 
achieve a suitable proximity with the co-dissolved donor. Such concentrations 
result in high optical densities at the excitation and the emission wavelengths, 
and inner- filter effects are difficult to overcome, so that absolute intensity meas- 
urements are difficult to perform. Moreover, lifetime-based measurements rely 
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on the absorption by the acceptor, so that the system cannot correct for possible 
bleaching or leaching of the latter. 

If a ^MC excited state is populated efficiently (by thermal activation, vide 
supra) from the ^MLCT state (Fig. 5), then the complex will undergo an addi- 
tional photochemistry of ligand dechelation. This is due to the o^(eg) antibond- 
ing nature of the orbital where the excited electron dwells. Photodetachment of 
a bidentate ligand may lead to rebinding and isomerization, or to photosubsti- 
tution reactions by nucleophiles present in the vicinity of the complex (anions, 
solvent molecules, functional groups in the polymer support,...), particularly 
if the Ru(II) polypyridyl is dissolved in a medium with low ionisation power 
[27]. Such dechelation photochemistry is deleterious for long term monitoring 
in environmental and industrial processes since it leads to photobleaching and 
compromises long term stability of the sensor head. Fortunately, most Ru(II) 
bis(chelate) complexes are scarcely or non luminescent, so that the effect of indi- 
cator photobleaching may be avoided using emission lifetime-based measure- 
ments (see above). 

3 

Acidity Sensors 

Introduction of proton-donor or proton-acceptor groups (or atoms) into the 
polypyridyl ligands coordinated to Ru(II) (e.g. those depicted in Fig. 9) leads to 
luminescent complexes sensitive to the solution acidity. In most transition met- 
al complexes, the coordinated ligand is more acidic (or less basic) than the free 
ligand. The metal ion acts as an electron-withdrawing atom which is satisfied by 
a-donation from the ligand [38]. However, the excited state acid-base features of 
such dyes may differ significantly from those in their ground state due to impor- 
tant changes in the electron distribution between the two states (see above). A 
general scheme of the proton transfer processes in Ru(II) polypyridyls is sum- 
marised in Fig. 10. 

The theoretical basis of proton transfer in the (electronically) excited state 
has been described many times in the literature [48, 49]. The Forster treatment 
(or „Forster cycle“) allows an estimation of the excited state acidity (pfCa"^) 
based only on thermodynamic grounds, i.e. the indicator dye pKa value and the 
excited state energies of the corresponding acid and basic species (£hr^'^ and 
respectively. Fig. 10). If entropic changes are neglected and if the proto- 
nated complex emits at higher energy than the deprotonated one, then Eq. (4) 
holds: 

piCa^ = piCa + (ErO-0 - Eur^-^)I2.303RT (4) 

However, accurate values of the 0-0 transitions are required to get meaningful 
values of the excited state levels. This is difficult to determine for Ru(II) polypy- 
ridyls so that the Forster cycle for these complexes should only be considered 
as a guideline with limited quantitative applicability [49]. Equation (4) tells us 
that if R"^ luminesces more to the red than HR"^, the former will be a weaker base 
in its excited state. If the opposite situation is observed (i.e. R^ emits at higher 
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R = (CH2>2NEt2 (deap) 

R = (CH2)3NH(CH2)3NH2 (tanp) 
R = NHC 6 H 5 (phhp) 



Fig. 9. Polyazahetero aromatic chelating ligands used to prepare pH-sensitive Ru(II) 
complexes; pzth = 2-(l,3-thiazol-2-yl)pyrazine, tap = pyrazino[2,3-/]quinoxaline, 
deab = N-({3‘-[(diethylamino)methyl]-2,2‘-bipyridin-3-yl}methyl)-JV,N-diethylamine, 
bim = lH,l‘H-2,2‘-biimidazole, dhp = l,10-phenanthroline-4,7-diol, deam = N-({4‘- 
[(diethylamino)methyl]-2,2‘-bipyridin-4-yl}methyl)-N,N-diethylamine,pytzhp = 2-(3-pyrid- 
in-2-yl- 1 H- 1 ,2,4-triazol-5-yl)phenol,deap = T^jiV-diethyl-AT- 1 , 1 0-phenanthroline-4-ylethane- 
1, 2-diamine, tanp = Ar-[3-(l,10-phenanthrolin-4-ylamino)propyl]propane-l, 3-diamine, 
phhp = N-phenyl-l,10-phenanthrolin-4-amine, deb = 2,2‘-bipyridine-4,4‘-dicarboxylic acid 



*[Ru(L)3]^^ + HB 




[Ru(L)3]^^ + HB 
"R" 




*[Ru(L)2(HL)]^^ + B- 

hVHR ^HR 

[Ru(L)2(HL)]’* + B- 

"HR" 



Fig. 10. General scheme of the proton transfer processes in luminescent Ru(II) polypyri 
dyl complexes (a basic one with homoleptic structure has been chosen to illustrate the phe 
nomena, but it can be also applied to heteroleptic or acidic complexes) 
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energy than HR^), then will be a stronger base (HR^ a weaker acid) than the 
corresponding ground state species. 

In addition to thermodynamics, the kinetic aspects of the excited state acid- 
base system (Fig. 10) must also be considered. If either or HR^ are short- 
lived (i.e. the rate constants or kuR are large enough) then an equilibrium 
between them will not be established. In such a situation, proton transfer from/ 
to the ^MLCT state will be an irreversible process and the piCa"^ calculation will 
be meaningless. Unfortunately this seems to be the case for many Ru(II) polypy- 
ridyl complexes (e.g. [Ru(pzth) 3 ]^^, [Ru(tap) 3 ]^'^,etc) [20, 50]. If irreversible pro- 
ton transfer quenching of the excited state in competition with radiative (and 
non-radiative) decay pathways occurs, the strength and concentration of the 
Bronsted acid or base used to test the effect of pH on the emission of the Ru(II) 
indicator dye will determine the experimental (sigmoidal) curve. This phenom- 
enon has been clearly evidenced by Orellana and coworkers [20, 51] In this case, 
the luminescent Ru(II) complex is useless as a general pH indicator dye.^ Unless 
different buffers have been tested and a thorough photophysical investigation 
is performed, it is difficult to predict (and discover in the literature reports!) 
which Ru(II) polypyridyls will display acid-base equilibrium in their lowest 
excited state. 

Orellana and Moreno-Bondi were the first to realise that luminescent Ru(II) 
complexes bearing at least one pH-sensitive ligand could be employed to mon- 
itor the solution acidity, using both emission intensity and lifetime measure- 
ments [52]. A brief report of the pH effect on the emission of [Ru(bpy) 2 (deab)]^^ 
(Fig. 9) in solution was published shortly afterwards [53]. Inflection points in 
the intensity pH curves were found at pH 1.9, 2.4, 4.1, 5.9, 7.8 and 8.6, depending 
on the alkyl and aryl substituents of the tertiary amine groups bound at the 3,3‘ 
positions of the bpy system. Similar 4-mono and 4,4‘-disubstituted dialkylami- 
nomethylbipyridine (deam) heteroleptic Ru(II) complexes have been described 
by Murtaza et al. [54] and by Xu et al. [55]. While the former shows a pH effect 
on its luminescence in the 6. 8-8. 5 range, the latter undergoes emission chang- 
es in the 3-5 and 8-10 pH ranges when immobilized onto a cyclic siloxane/ 
poly( ethylene oxide) support. Heteroleptic Ru(II) chelates with 1,10-phenan- 
throline-4,7-diol (dhp) have been electrostatically attached to the latter support 
[56] or to perfluorosulfonated Nafion® membranes [57, 58] for measuring pH 
in the 2-6 and 1-8 ranges, respectively. Response times of 3 to 6 min have been 
reported for those sensors. The emission of monosubstituted 4-hydroxy- 1,10- 
phenanthroline complex with phen ancillary ligands shows the same pH behav- 
ior than the disubstituted analogue [21]. The pH effect on heteroleptic deap, 
tanp and phhp (Fig. 9) Ru(II) complexes has been reported, too [59]. For all of 
them a decrease in their luminescence intensity and lifetime is observed at high 



^ The situation is so dramatic that buffers of approximately the same value (e.g. tris- 
(hydroxymethyl)aminomethane and phosphate, both with pK^ ~ 7) quench ’^[Ru(pzth) 3 ]^+ 
at extremely different rates: while the latter shows /Cq = 5.94 x 10^ dm^ mok^ s~\ the acidic 
species of the former displays /Cq~ 0 due to its positive charge that prevents competitive ex- 
cited state bimolecular deactivation. 
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alkalinity, pH 7-11,8-12 and 9-12 being their respective variation ranges due to 
deprotonation of the 4-amino group. 

Acidic heterocycles such as the imidazole and triazole moieties of bim and 
pytzhp of heteroleptic [RuL 2 (bim)]^" and [RuL 2 (pytzhp)]^'^ complexes (Fig. 9) 
have been described as pH sensors in the 4-7, 5-9 (bim; L = pbbs or L = bpds, 
where bpds stands for 2,2‘-bipyridine-4,4‘-disulfonate, respectively) [52, 59], 
and 3-8 range (pytzhp; L = bpy) [60]. The bim complexes have been immo- 
bilised onto cationic Nylon membranes and cationic glass beads or covalent- 
ly attached to porous glass via the ancillary sulfonate groups [61]. The pyri- 
dyl-triazole complex was incorporated into a silica xerogel. The same support 
has been used to entrap [Ru(bpy) 2 (dcb)]^^ (deb = 2,2‘-bipyridine-4,4‘-dicarbo- 
xylic acid. Fig. 9) [60]. The fabricated luminescent pH sensor shows response 
between pH 3 and 7. Luminescence resonance energy transfer from homoleptic 
[Ru(bpy) 3 ]^'^ and [Ru(phen) 3 ]^‘^ complexes to colourimetric pH indicator dyes 
such as bromothymol blue, has been employed to fabricate acidity-sensitive 
terminals upon co-immobilisation in plasticised PVC [62, 63]. The colorimet- 
ric indicator controls the pH working range of the luminescent optosensor and 
both intensity- and lifetime-based measurements can be performed but, in this 
case, the latter do not correct for indicator bleaching or leaching. On the posi- 
tive side, LRET sensors are not subject to the problem of absence of excited state 
acid-base equilibrium. Finally, perturbation in the pH 5-9 range of phase-sensi- 
tive detection of the luminescence from [Ru(bpy) 3 ]^'^ by the pH-sensitive 6-car- 
boxyfluorescein co-immobilised on poly( vinyl acetate), has been described as a 
novel sensing principle [62]. Although it is an emission lifetime-based measure- 
ment, it depends on the ratio between the fluorescence intensity of the organ- 
ic and the Ru(ll) polypyridyl dyes so that the sensor is not immune to indi- 
cator bleaching or leaching. In any case, sensors based on the combination of 
pH-insensitive and pH-sensitive dyes are certainly easier to fabricate, since no 
specific heterocyclic chelating ligand and the corresponding heteroleptic Ru(II) 
have to be synthesised (and purified!). 

4 

Carbon Dioxide Sensors 

In a similar fashion to the pH electrode, separation of a pH-sensitive tip from 
the sample with a gas-permeable membrane allows monitoring of carbon diox- 
ide, due to the hydrolysis it undergoes with the release of hydronium ions [3, 
64]. Therefore, a good pH optode based on Ru(II) polypyridyls may be readily 
adapted to CO 2 measurements, provided it displays the appropriate pKa"^ value 
for an optimum response to the analyte (~7). This fact seems to be the reason for 
the lack of CO 2 sensors based on such dyes reported so far. However, unlike pH 
measurements, since the sample does not directly contact the pH-sensitive indi- 
cator layer, even luminescent Ru(II) polyazaheterocyclic complexes that under- 
go irreversible proton transfer reactions in their excited state may be used to 
monitor CO 2 , both in the gas phase and in solution [52]. 

Orellana and co-workers have published a number of papers describing 
the basics and analytical application of fibre-optic CO 2 measurements using 
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[Ru(pzth)3]^^ (Fig. 9) and both emission intensity- and lifetime-based meth- 
ods [20, 51, 65, 66]. The indicator dye, immobilized in a polymer gel phase, is 
separated from the sample by a thin silicone membrane. The working principle 
follows the scheme depicted in Fig. 10. The ground state complex is complete- 
ly non-protonated (pK^ = -1.9); however, its basicity increases more than 10^- 
fold in its ^MLCT excited state due to the high acceptor character (low-lying 71"^ 
orbital) of the pyrazine moiety. Therefore, it undergoes efficient (irreversible) 
proton transfer from suitable Bronsted acids present in the reservoir indicator 
phase (phosphate, hydrogen phthalate, acetic acid, H30^,...). Thus, the pH value 
of the buffered (inner) sensitive layer may be adjusted to provide little quench- 
ing to ^[Ru(pzth)3]^'^ (e.g. 0.1 M phosphate buffer at pH 8). Permeation and sub- 
sequent hydrolysis of CO2 will increase the concentration of the acidic form of 
the internal buffer and the luminescence from the indicator dye will decrease 
accordingly (and so will its emission lifetime) (Fig. 10). This mechanism has 
been clearly demonstrated by the linear Stern-Volmer plot obtained at differ- 
ent CO2 levels in the gas sample when the corresponding values of the internal 
hydrogenphthalate concentration are input in the x-axis [51]. In this way, a limit 
of detection of 3.5 x 10“^ MPa (0.4% v/v) CO2 (in the gas phase) is achieved with 
a sensor containing [Ru(pzth)3]^'^ dissolved in 0.1 M phosphate pH 8.2 buffer, 
with a dynamic range up to 0.09 MPa CO2. 

The gel-type nature of the indicator phase makes it suitable only for aqueous 
measurements and moist gas determinations due to small but non-negligible 
permeation of water vapor across the gas-permeable membrane. The sensitivi- 
ty of the device is adequate for blood-gas analysis, food storage and protective 
atmosphere determinations, but not enough for CO2 measurements in seawater. 
A recent application to effluent gas monitoring in compost processes, with simul- 
taneous fiber-optic O2 measurements, has been described [67]. 

CO2 optosensors based on energy transfer to pH-sensitive colorimetric indi- 
cators from luminescent Ru(Il) polypyridyls (see Section on pH sensors) have 
been reported too [68]. Alternatively, another possibility of developing emis- 
sion lifetime-based pH/C02 sensors is the so-called dual luminophore refer- 
encing (DLR) technique [69]. Perturbation of a long-lived luminescence (such 
as that from ruthenium complexes) by a short-lived fluorophore that absorbs 
and emits in the same wavelength range provokes an important phase shift in 
the signal from the former. If only one of the two dyes is sensitive to the analyte 
the combination indicator layer may be used to fabricate an appropriate sensor 
using phase-sensitive detection of the luminescence. Actually, it is a clever way 
of transforming absolute intensity-based signals into lifetime-based measure- 
ments, but it is affected by the luminophore’s bleaching or leaching. Its applica- 
tion to non-destructive packaged food analysis has been very recently described 
[70]. The sensor is based on a membrane sandwich of the analyte-insensitive 
[Ru(dip)3]^'^ complex and the pH-sensitive 8-hydroxypyrene-l,3,6-trisulphon- 
ic acid (HPTS) fluorophore. It is expected that more CO2 sensors will appear in 
the near future as more perfect pH optodes based on such metal complexes are 
developed. 
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5 

Temperature Sensors 

Temperature is one of the most important parameters in process control and 
environmental monitoring. Although thermometry by mechanical or electri- 
cal methods is widely employed, quantification of this parameter can be dif- 
ficult sometimes due to hostile media, restricted accessibility and/or the pres- 
ence of strong electromagnetic fields that preclude the use of conventional ther- 
mometers. Commercially available non-contact IR thermometry may be used 
under some of those situations provided there is a straight free path between 
the measuring device and the sample. When this requirement is not met, fibre- 
optic sensing offers a convenient alternative. Among the various temperature- 
dependent optical properties that can be used to develop a suitable opfode, lumi- 
nescence thermometry is probably the most sensitive and versatile technique 
[71]. In addition to numerous inorganic materials, temperature sensing with 
Ru(II) polypyridyls has been reported and patented [6, 7, 72-74]. It seems that 
the only temperature indicators of this class used so far have been those ubiqui- 
tous for oxygen sensing, namely [Ru(phen) 3 ]^+ and [Ru(dip) 3 ]^^. Unfortunately, 
the same photophysical features that provide a good sensitivity to O 2 [16], make 
them less sensitive to temperature [75]. 

The basis of the temperature effect on the emission from the ^MLCT state of 
Ru(II) polypyridyl complexes has already been described above (Fig. 5). Math- 
ematical derivation of the function that relates the luminescence lifetime to the 
sample temperature allows to find the maximum response [72]. However, since 
the thermally-activated ^MC level is a dissociative one, the challenge is to design 
and prepare photostable indicators of this family showing the maximum tem- 
perature sensitivity [76]. This can be done by selecting the chelating ligands 
along the lines discussed in this chapter. Interference from molecular oxygen 
and other quenchers present in the sample is excluded by encapsulating the dye 
in a (transparent) plastic support such as poly( acrylonitrile). In this way, it is 
possible to achieve a temperature resolution of 0.1 °C in the -20 to 50 °C range. 
Response times are strongly dependent on the sensitive layer thickness and on 
the nature of its polymer. Simultaneous measurement of temperature and ana- 
lyte (typically oxygen) may even be performed using a two-sector sensitive lay- 
er at the distal end of a fibre-optic bundle, provided one of them is analyte-per- 
meable [74]. In this way temperature compensation of the response from Ru(II)- 
based optosensors may be realised. 

6 

Oxygen Sensing with Luminescent Ru(ll) Polypyridyl Dyes 

Molecular oxygen is a very important species in nature. It is produced by photo- 
synthesis in the presence of light and consumed via different respiration proc- 
esses, since it is the final electron acceptor for degradation of organic material. 
Therefore, oxygen is a central substrate for aerobic organisms. Adequate avail- 
ability of molecular oxygen is a prerequisite for most fauna and flora in the 
biosphere, and microbial processes are largely governed by the availability of 
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oxygen as well. In the atmosphere, both the diffusion rate and the concentra- 
tion of oxygen are sufficiently high to consider that it is always available. How- 
ever, this is not the case under water due to the low solubility of oxygen in aque- 
ous systems (7.55 mg O 2 per L at 1 atm and 298 K). The amount of available oxy- 
gen is, for aquatic organisms, at least as important as the quantity of food, so 
that the oxygen concentration is an essential parameter of studies in aqueous 
media. In this way, there are many application fields where oxygen determina- 
tion is important, for instance, in environmental applications such as biological 
oxygen demand analysis [77], or in medical applications, where it is of utmost 
importance to monitor dissolved oxygen levels in the blood, as blood transports 
oxygen to tissues and cells throughout the body (e.g. physiological and critical 
care, among other medical studies) [78-82]. Control of the oxygen level is also 
needed in many processes within biotechnological, chemical and petrochemi- 
cal industries, such as fermentation, composting, chemical synthesis, and com- 
bustion, where concentration of this gas is often a key factor, and in the food 
preparation industry [83, 84]. Continuous monitoring of the oxygen concen- 
tration is required in water treatment plants, drinking water and environmen- 
tal analysis of continental and sea water, since the amount of dissolved oxygen 
is an indicator of the water quality and a decrease in this amount usually signals 
the presence of organic waste [85]. Sensitive devices having different dynamic 
ranges are required when applications are to be developed. For example, oxygen 
monitoring in a patient’s breath requires an optical sensor that works optimal- 
ly at 159 Torr whereas a sensor for checking the integrity of an oxygen-free food 
package would need to perform best at around 1 Torr. 

Because of its universal importance numerous techniques for measuring 
gas-phase and dissolved oxygen have been developed [86]. Winkler iodomet- 
ric titration has been adopted for oxygen determination for many years and is 
still considered, to some extent, to be the standard method. However, the time- 
consuming and cumbersome nature of the titration prevents its application to 
process monitoring. The amperometric Clark electrode developed in 1956 was 
a breakthrough since it is easily calibrated, has relatively rapid response and 
requires relatively inexpensive instrumentation [87]. 

During the 1970’s and the 1980’s, the scientific community working on oxy- 
gen sensing was aware of the need develop new measurement schemes to replace 
the widely used Clark electrode in those situations where its limitations show 
up. The electrochemical oxygen sensor is based on the analyte consumption and 
suffers from electrode poisoning, flow dependence, calibration drifts, electri- 
cal interference and fragility. Moreover, it is difficult to miniaturise and cannot 
be used to monitor this species in the gas phase, so that alternative techniques 
must be used (galvanic cells, paramagnetic detectors, zirconia oxide monitors, 
etc.). Therefore, the development of alternative technologies to monitor oxygen 
concentrations in many environments, that were comparable in cost and supe- 
rior in performance to the Clark electrode, was a challenge to scientists working 
in the area of optical sensing. Although some of the problems of the Clark elec- 
trode have been properly addressed during the last years, compact fibre-optic- 
based oxygen sensors have reached a competitive price and a satisfactory level 
of performance (low energy consumption, calibration required only once a year. 
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little sensitivity to contamination, biofouling or ageing, easy miniaturization, 
suitability for long measuring periods and short response time) [8]. Some of 
them, particularly those in the medical market, have been commercially availa- 
ble for more than ten years [88]. No doubt Ru(II) polypyridyl indicator dyes are 
responsible for this commercial success. 



6.1 

Oxygen Optosensors 

Molecular oxygen is a well-known quencher of the excited states of luminescent 
molecules [89-94]. Therefore, many luminophores such as polynuclear aromat- 
ic hydrocarbons, some heterocyclic compounds, transition metal coordination 
compounds and metalloporphyrins, all of them having long emission lifetimes 
(for best sensitivity), were target indicator dyes to develop oxygen sensors. Sev- 
eral reviews and book chapters about environmental sensing or fluorescence 
spectroscopy give the main features that any oxygen sensor based on lumines- 
cence measurements must fulfil [3, 95-99]. 

Optical oxygen sensing is usually based on collisional quenching by molec- 
ular oxygen of a luminophore embedded in a polymer support [100, 101]. The 
oxygen quenching process is described by the Stern- Volmer equations for emis- 
sion intensity or lifetime measurements (Eqs. 1 and 2). The slope of the plot 
(also known as the Stern-Volmer constant, Ksy) is a measure of the oxygen sen- 
sitivity of the sensor. Oxygen partial pressure (P 02 ) can be substituted for the 
oxygen concentration in the Stern-Volmer equation for quenching processes in 
liquid phase if one takes into account Henry’s law and the oxygen Henry coef- 
ficient in a given solvent. The Stern-Volmer equations (Eqs. 1 and 2) are line- 
ar and coincident under these conditions since quenching of a luminophore by 
O 2 in solution is a dynamic process. However, in (micro)heterogeneous media, 
Stern-Volmer plots typically display a downward curvature (see below) [40, 42, 
102,103]. 

In order to fabricate an optical sensor, luminophores are usually immobilised 
on a polymer support, which commonly plays an active (but not always predicta- 
ble) role in the sensor response, compared to the well-known behavior observed 
for dissolved indicators. Materials for oxygen optosensing should (i) have a 
good O 2 permeability for a rapid response; (ii) display a high local quenching 
constant around the indicator molecule for good sensitivity; (iii) permit an easy 
and reproducible immobilisation of the indicator dye; (iv) possess good optical 
properties and high thermal, mechanical and chemical stabilities; (v) be easily 
and robustly attached to a light-guide system (e.g., an optical fibre) and (vi) pro- 
vide some antibiofouling features when they are to be used for environmental 
or in vivo applications. A high loading of indicator in hydrophobic/hydrophilic 
polymers is often necessary to obtain sufficient signal intensity, specially in the 
case of micro-optodes, since the sensing area on the fibre is extremely small and 
the luminescence signal is relatively low. Although it is not a requisite for oxygen 
sensing in the gas phase, water insolubility of the supported indicator is anoth- 
er essential property in order to minimize dye leaching in sensors for dissolved 
oxygen measurements. 
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As far as the indicator molecule is concerned, good oxygen sensing materi- 
als require photostable luminescent indicators excitable in the visible region, 
with moderate to high emission quantum yields (Ol) and long excited state life- 
times in deoxygenated media (tq), for developing low cost, compact lifetime- 
based measuring instrumentation. Also high bimolecular oxygen quenching 
constants (/cq) are required even when the indicator dye is supported on the pol- 
ymer matrix. 

6.2 

Luminescent Ru(ll) Complexes as Oxygen Indicators 

Luminescent transition metal coordination complexes, particularly those of 
ruthenium containing polyazaheterocyclic chelating ligands, are very attractive 
oxygen indicator dyes. Their unique (photo)physical and (photo)chemical fea- 
tures (vide supra) make these molecules superior in performance to other O 2 
indicators having long-lived excited states, such as metalloporphyrins or pol- 
yaromatic hydrocarbons. The importance of Ru(II) coordination compounds is 
evidenced by the number of scientific publications and patents in which these 
molecules are used for implementation of oxygen sensing schemes and devices, 
besides the number of commercial monitors based on these dyes [61, 88, 104]. 
The most commonly used Ru(II) complexes for fabricating oxygen sensors have 
been those of the type [Ru(L) 3 ]^+ with L = 2,2‘-bipyridine (bpy), 1,10-phenan- 
throline (phen) and 4,7-diphenyl- 1,10-phenanthroline (dip). The long emission 
lifetime of the latter has made it particularly attractive. 



6.3 

Polymer Support and Indicator Design 

Devising the sensitive phase is one of the critical issues in the development 
process of any sensor. The indicator layer contains an analyte-sensitive com- 
pound supported in a polymeric matrix, normally a thin film, which often deter- 
mines a selective interaction between the indicator and the analyte, in this case, 
molecular oxygen. For this reason oxygen- sensitive membranes have to be char- 
acterised thoroughly from both the photochemical and analytical points of view 
[105]. Therefore, in order to fabricate an oxygen indicator material, the lumi- 
nescent Ru(II) coordination compounds have been immobilised in organic pol- 
ymers such as polystyrene, polyvinyl chloride, polymethacrylates, polyacryla- 
mide, modified celluloses and perfluorinated ionomers [30, 106-109]. Inorganic 
polymer supports (zeolites, silicone, silica gel, porous glass and silica xero-gels) 
have also been used [101, 102, 110-115]. The indicator dye is supported follow- 
ing different immobilisation procedures (physical entrapment, adsorption, elec- 
trostatic interaction or covalent bonding) that usually have a dramatic effect on 
the indicator luminescence characteristics and on the oxygen response of the 
optode in terms of sensitivity, long-term stability and linearity of the Stern- Vol- 
mer plots. In this way, Ru(II) complexes have often served as benchmarks of 
theoretical models of collisional quenching by oxygen in heterogeneous phases 
(see below in this Section). 
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An important aspect that has to be taken into account is that many commer- 
cially available prepolymers (specially silicone precursors) contain non-vola- 
tile solvents, fillers, low molecular weight crosslinkers, catalysts and other addi- 
tives, which can radically affect the performance of the sensor. These propri- 
etary components may cause unexpected problems due to various chemical 
and physical interactions between the indicator, the analyte and the support of 
„unknown“ structure [102, 116-118]. 

Among the non-porous materials used for oxygen sensing, room tempera- 
ture vulcanization (RTV) silicone polymers are the most important matrices 
because of their extremely high oxygen permeability (367 x 10“^^ cm^ cm/cm^ 
s Pa) [119]. This feature imparts very fast responses, good optical transparen- 
cy and chemical inertness, despite the lack of mechanical robustness. A broad 
range of materials less permeable to oxygen have also been employed, but they 
require indicator dyes with higher sensitivity embedded in very thin layers (< 5 
pm). In general, chloride or perchlorate salts of Ru(II) coordination compounds 
such as [Ru(bpy) 3 ]^'^ and [Ru(phen) 3 ]^^ are water-soluble species, and even the 
diphenyl substituted complex [Ru(dip) 3 ]^'^ is rather hydrophilic; therefore, they 
are soluble neither in hydrophobic silicone rubbers nor in most organic pol- 
ymers, where they tend to aggregate and precipitate producing oxygen-sensi- 
tive matrices that show a bad performance, suffer from dye leaching into the 
aqueous media and/or film fogging due to water uptake. This problem has been 
solved by two different strategies that have been applied to almost every oxygen 
optosensor: (i) modification of the polymer matrix with incorporation of addi- 
tives (at the expense of increasing the heterogeneity of the sensor phase); (ii) 
modification of the indicator dye via the coordinated ligands or the counter-ion 
of the metal complex ion. 

Pure homogeneous polymers derived from polydimethylsiloxane can be 
formulated to give acceptable sensor responses even without the addition of 
a heterogeneous component (filler) such as silica [117]. However, these poly- 
mers show highly nonlinear Stern-Volmer plots, while the silica-doped sys- 
tems are often more linear and display steeper responses. This common obser- 
vation apparently reflects the fact that even in „homogeneous“ (i.e., chemical- 
ly pure) polymers, the indicator dye still dwells in different microenvironments 
(e.g. regions of low and high quenching efficiency) that are not time-averaged 
over the excited state lifetime. Therefore, performance can usually be enhanced 
by adding a heterogeneous component, which selectively adsorbs the sensitive 
dye and affords a good response [117]. 

Addition of a filler material (e.g. hydrophobically- or pyrolytically-produced 
silica gel), dyed with the adsorbed luminescent indicator, to the silicone pre-pol- 
ymer before vulcanization has been a common approach because of the better 
sensitivity, response linearity and ease of preparation of the indicator material 
it provides [120]. The contribution of nonpolar and electrostatic interactions in 
the adsorption process of [Ru(bpy) 3 ]^'^ to silica has been investigated [121]. In 
fume silica, it has been argued that oxygen reaches the indicator dye via surface 
diffusion and quenching is exclusively dynamic. However, the Ru(II) adsorp- 
tion sites are highly heterogeneous as shown by nonexponential emission decay 
kinetics both in the presence and absence of oxygen [1 12, 1 14, 120, 122]. Oxygen 
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quenching of the metal complex in these supports is completely reversible and 
highly reproducible. Response times of the corresponding sensors are typical- 
ly less than 1 min for gas-phase oxygen sensors and longer than 1 min for dis- 
solved oxygen sensors, due to the necessary phase transfer step (in the recovery 
cycle, response times are even longer compared to pure silicone because mol- 
ecules such as oxygen are known to adsorb strongly on silica surfaces) [78]. As 
expected, the response time of the sensitive film depends on its thickness [123]. 
The silicone prepolymer can also be mixed previously with the filler and then, 
after vulcanization of the polymer, the membrane is dyed with indicator. In this 
way, [Ru(dip)3] (0104)2 was incorporated into silicone rubber by using a dichlo- 
romethane solution of the complex, since this solvent swells up and penetrates 
the film [105]. This approach usually yields indicator layers with higher O2 sen- 
sitivity and shorter response times, since accessibility of oxygen to the Ru(II) 
complex is facilitated; however, fabrication of the sensing phase is more tedious 
and the mechanical stability of the material decreases (film curling). Independ- 
ently of the chosen method for dye immobilisation, the heterogeneity around 
the luminophore is significant since, due to the various interactions between 
the polymer and the silica filler, there are multiple binding sites for the Ru(II) 
polypyridyls. Therefore, the sensor response can deviate from that observed for 
pure silica or silicone supports, and the linearity of the oxygen dose-response 
curve in the 0-100% range maybe seriously affected. This fact makes difficult a 
two-point sensor calibration procedure, a feature that is highly desirable for the 
commercial application of any monitoring device. 

Indicators placed inside zeolites are promising materials for use in oxy- 
gen optical sensors since the high degree of crystallinity of these aluminosili- 
cates provides excellent indicator retention without seriously altering its photo- 
physics. In this way, [Ru(bpy)3]^'^ was synthesized inside zeolite Y supercages or 
adsorbed onto the zeolite surface, and the resulting material was embedded in 
silicone. The sensor features include fast oxygen response (in the order of sec- 
onds), excellent long-term stability, complete lack of dye leaching and, for cer- 
tain applications, the material can be operated at high temperatures [111]. 

Copolymers, cross-linkers and plasticizers can be used to tailor the properties 
of the indicator layer [107, 1 17, 1 18, 124]. This strategy has been used, for exam- 
ple, to increase the oxygen sensitivity of some indicator-matrix compositions 
where the poor solubility of polar indicators in nonpolar polymers affects per- 
formance due to modification of their luminescent features or poor local oxygen 
diffusion or solubility around the luminescent indicator. In this way it is possible 
to get polar domains into an otherwise nonpolar polymer, yet transition regions 
cannot be avoided. Variations in the polymer polarity can be controlled by var- 
ying the amount and polarity of the additive. However, even though a modified 
polymer maybe a proper matrix for the Ru(II) complex, severe heterogeneity in 
the resulting sensing layers is demonstrated by heavily nonlinear Stern- Volmer 
responses. Plasticizers (trimethyl phosphate, tributyl phosphate, dioctyl phtha- 
late,...) are usually included in the formulation for most plastic film gas sen- 
sors in order to enhance the O2 diffusion rate through the film due to increased 
mobility of the polymer segments. Therefore, changes of the additive also affect 
markedly the response and recovery times of the oxygen sensors. Additives may 
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also be included in the polymer support to modify its mechanical properties, 
e.g. to increase or decrease the polymer rigidity, without drastically affecting 
transparency or, in some cases, sensitivity [1 18, 124]. 

Another important aspect that affects long-term performance of the sensor 
head and, therefore, has to be taken into account for the sensor design, is that 
polymers containing good coordinating groups such as primary amines or car- 
boxylates may enhance photoinstability by themselves entering into the met- 
al coordination sphere (via photodechelation. Fig. 5) and should probably be 
avoided for this reason [1 17]. In addition, since singlet oxygen is produced upon 
energy transfer quenching of the luminescent Ru(II) polypyridyl by oxygen, 
complexes having phen ligands tend to exhibit a significant photodegradation. 
This phenomenon is manifested not only by a decrease in their luminescence 
intensity but also by a reduction in their emission lifetime and specific absorp- 
tion spectral changes, as has been demonstrated for Ru(II) dyes adsorbed on sil- 
ica gel or dissolved in polystyrene or PVC [125, 126]. The effects depend strong- 
ly on the nature of the dye, the type of polymer matrix and the oxygen and dye 
concentrations. Singlet oxygen attack on the C5-C6 bridge of the phenanthro- 
line ligands (Fig. 1) is suggested to be responsible for the observed effects on the 
luminescence features [125, 127]. 

Other polymer materials such as xerogels have been used in the preparation 
of oxygen sensing phases. The sol-gel process is a method of material prepa- 
ration by room temperature reaction of a metal alkoxide, water and a solvent. 
In this way, tetramethoxy- or tetraethoxysilane undergo hydrolysis and poly- 
condensation to form a three-dimensional silica network. The sol material 
can be pre-doped with an oxygen-sensitive indicator whose molecules will be 
entrapped in the subsequent gel cage-like microstructure by the cross-linking 
action of silicon and oxygen atoms. Drying and heat treatment will then pro- 
gressively densify the gel by elimination of solvents and water. The densifica- 
tion process and porosity of the resulting material is controlled by an appropri- 
ate choice of the starting pH and temperature. Such conditions try to ensure that 
the large dye molecules cannot leach out but smaller analyte molecules can per- 
meate the interconnected cages. The flexibility of the sol-gel process facilitates 
adjustment of those coating properties (e.g. thickness) which determine criti- 
cal sensor parameters such as sensitivity and response time. For example, sili- 
ca gels prepared at low pH (< 3) are generally less porous than those prepared 
under more basic conditions (pH 5-7). In addition, monolithic or thin-film 
sensing structures may be fabricated, although the latter offer the advantage of 
faster response and permit a better design of the sensor (e.g. via dip- or spin- 
coating of a decladded portion of an optical fibre, or other appropriate optical 
waveguiding substrate, by the sol at a suitable stage in the densification proc- 
ess and further curing produces a dye-doped microporous sensing layer on the 
light guide). Therefore, this approach offers a number of advantages over other 
methods of sensor fabrication [128]. 

The possibility of tailoring the properties of xerogel films to optimise 
quenching in different environments (gas-phase compared to aqueous phase) 
and for different oxygen concentration ranges depends on the material porosi- 
ty and on the detailed quenching mechanism in a particular phase. The water/ 
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alkoxysilane ratio was found to be the most important parameter that must be 
controlled. While for gas-phase oxygen sensing the quenching process is high- 
ly non-linear and films show a high sensitivity to oxygen at low oxygen concen- 
trations, in aqueous environments the quenching response of the films is in gen- 
eral lower than in the gas phase and at higher water/precursor ratios the oxy- 
gen response decreases. The nature of the xerogel surface is also of importance 
to operation of the sensor. In particular, enhancement of the surface hydropho- 
bicity increases quenching by dissolved oxygen (in water), since under these 
conditions the quenching is a gas-phase interaction, as compared to a surface- 
adsorbed process. This is achieved by using suitable proportions of organically 
modified precursors of the form R(OEt) 3 Si, where R is an alkyl group, in the fab- 
rication procedure. It has been shown that by increasing the ratio of modified 
precursor, the O 2 response in the aqueous phase increases. A very low limit of 
detection (6 ppb), was obtained for the modified films („ormosils“). Extending 
the aliphatic group of the modified precursors (e.g. butyltriethoxysilane) fur- 
ther enhances the quenching response in the aqueous phase [129-131]. 

A different strategy for addressing the problem of low solubility of the indi- 
cator complex in the polymeric support has been derivatization of the dye to 
increase the hydrophobicity of the coordinating ligand(s) of the Ru(II) com- 
plex or by covalently bonding dye and polymer, thus avoiding the need for co- 
immobilisation on silica gel before or after fabrication of the membrane. In this 
way, Ru(II) complexes with octadecanamide or biphenyl-substituted 1,10-phen- 
anthroline ligands have been prepared and tested as oxygen probes immobi- 
lised in silicone matrices [102, 122]. These indicator dyes are soluble in silicone 
and yield linear Stern-Volmer plots, yet the sensitivity of such indicator layers 
is lower compared to silica gel-doped silicones. The reduced dimensionality and 
concentration effect of the oxygen quenching that occurs on the surface of the 
solid particles of the filler probably accounts for the observed difference. 

Good solubility and, therefore, linear quenching characteristics are also pro- 
moted by alkyl substitution on the ligands and the use of a plasticizer (tributyl 
phosphate) with marked cation solvating power [132]. New hydrophobic Ru(II) 
complexes have also been synthesised as potentially useful longwave absorbing 
luminescent oxygen probes {Xmax = 560 nm) [133]. The new Ru(II) complexes 
comprise bpy or dip ligands and the low field strength dmch or omch ligands 
(dmch = 5,8-dimethyl-6,7-dihydrodibenzo [ bf] - 1 , 1 0-phenanthroline, omch 
= 5,8-dimethyldibenzo[^7,j]- 1,1 0-phenanthroline). Their absorption bands 
strongly overlap the emission of existing bright green LEDs but at the expense 
of a very low <I>l. 

Heteroleptic Ru(II) complexes containing sulfonated diphenylphenan- 
throline and alkylamide- 1,1 0-phenanthroline derivatives have been covalent- 
ly linked through a sulfonamide bond to porous glass in order to develop sen- 
sors robust enough for long-term monitoring of dissolved oxygen in organ- 
ic solvents. These supports provide good sensitivity but also afford nonlinear 
responses to oxygen [101, 104]. 

Ru(II) complexes can be readily solubilized in different polymers by ion- 
pairing with organophilic anions such as tetraphenylborate [107, 132], although 
it has been demonstrated that this anion is a quencher of their luminescence. 
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Such effect has allowed the use of this counterion to rank the polarity of the dif- 
ferent polymers by their tendency to promote ion pairing [127]. Organic ani- 
ons such as aliphatic carboxylates and sulfates or anions containing silicone-like 
structures make Ru(II) polypyridyls silicone-soluble by converting them into 
the respective ion pairs [41]. These counterions are known to exert almost no 
effect on the lifetime and photostability of the cation, while the presence of a vis- 
cous or solid solvent may increase the lifetime even further. The dodecyl sulfate 
counteranion has been found to be the most useful. Acetic acid-releasing one- 
component RTV silicones provide the best matrix for these oxygen sensitive 
membranes. The luminescence intensity of the indicator layers was observed 
to be more than 10 times higher than those of membranes based on silica gel- 
adsorbed Ru(II) probes having the same film thickness. It is lower, though, by 
at least a factor of 2 than that of sensing films based on plasticized PVC or poly- 
styrene and having the same indicator concentration. Unlike silicagel-adsorbed 
[Ru(dip) 3 ]^‘^, the concentration of the counter-ion modified dyes in silicone can 
be greatly increased, while [Ru(dip) 3 ]^‘^ deposited on silica gel tends to undergo 
self-quenching of luminescence when its concentration exceeds a certain critical 
value, which strongly depends on the loading capacity of the particular silica gel 
used. In contrast to what might be expected for a homogeneous dye-in-polymer 
solution in which no inhomogeneities are visible under the microscope, Stern- 
Volmer plots are still nonlinear. Strong evidence is presented from quenching 
experiments that the luminescent ion pairs are present in both a monomolecu- 
lar and an aggregated (not crystalline) form that have different quenching con- 
stants, weighing factors and decay times, resulting in nonlinear quenching plots. 
The decrease in oxygen sensitivity (iCsv) compared to silica-doped [Ru(dip) 3 ]^+ 
films has been attributed to the effect of a slow transition from the homogene- 
ous to the aggregated (less quenchable) form. 



6.4 

Luminescence Quenching Models in Heterogeneous Supports 

Although the Stern-Volmer plots are linear in homogeneous media, in prac- 
tice, downward curved graphs are practically the rule with polymer-supported 
luminescent indicators, as a result of (micro)heterogeneity in the polymers. This 
effect is unfavorable for routine calibration purposes [134]. Such non-linearity 
manifests itself in non-exponentiality of the emission decays both in the pres- 
ence and in the absence of oxygen. Therefore, a great effort has been made to 
rationalize the complex oxygen quenching behavior exhibited by immobilised 
Ru(II) polypyridyls. In general, departure from linearity has been attributed to 
the heterogeneity of the solid support on the microscopic scale (multiple sites or 
wide distribution of sites for the indicator dye, various degrees of oxygen acces- 
sibility to the immobilised luminophore, and/or incomplete solubilization of the 
dye in the polymer matrix). The combination of such effects makes it difficult to 
predict the behavior of a novel oxygen sensor. 

The first question to be addressed was the nature of the luminescence 
quenching in the sensing layers. A method for assessing the relative contri- 
butions of static and dynamic quenching in heterogeneous systems has been 
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developed based on a comparison of intensity quenching with lifetime quench- 
ing data using a preexponential weighted emission lifetime, tm [106, 109, 114, 
127, 135]. This parameter is calculated by fitting the observed decay curves to 
a sum of a relatively small number of exponentials (between 2 and 4) and is 
defined according to Eq. (5), where B are the preexponential weighting factors 
of the multiple-exponential fit. 



- 




(5) 



If plots of tmo/t^m ^i^d Iq/I (where Iq is the luminescence intensity in the absence 
of quencher and I the luminescence intensity in the presence of quencher) ver- 
sus the quencher concentration are linear and superimposable, then bimolecu- 
lar deactivation is purely dynamic. Although this method does not provide 
direct information on the details of system heterogeneity, it has the advantage 
of requiring no a priori information on its nature. Oxygen quenching of Ru(II) 
complexes has been shown to be exclusively dynamic in different polymers such 
as silicone or polystyrene, and simulations confirm that the method works for a 
wide range of heterogeneous systems [135]. 

One of the first models developed to explain the downward curved Stern- 
Volmer intensity plots was surface diffusion quenching in oxygen sensing lay- 
ers containing adsorbents such as silica gel [114]. In principle, the immobilised 
indicator could be deactivated by gaseous oxygen and/or adsorbed oxygen. This 
model considers that adsorption isotherms are expected to provide an addi- 
tional effect on the curvature of the Stern-Volmer plots. For adsorbed oxygen 
both the Langmuir and Freundlich isotherms may represent the surface con- 
centrations of this gas at a particular partial pressure. The Langmuir isotherm 
model describes adsorption phenomena up to monolayer coverage. The Freun- 
dlich isotherm (Eq. 6) is an extension of the Langmuir isotherm and provides 
an empirical parameter (n) to account for the variation in the interaction ener- 
gy between adsorbate and support: 

e = aP^'" ( 6 ) 



where 0 is the fractional surface coverage of the adsorbate, a is a collection of 
constants, P is the equilibrium gas-phase pressure, and n is an empirical param- 
eter related to the intensity of the adsorption. The Langmuir model assumes 
that all sites have the same binding energy, while the Freundlich model assumes 
that there will be a distribution of site energies with preferential binding to the 
most energetic sites. 

For multiple emitting sites with different oxygen quenching constants, the 
Stern-Volmer equation is given by Eq. (7) [114, 127, 135]: 
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where /oi is the steady-state fraction of light emitted from the z-th component 
and Ksvi is its corresponding Stern-Volmer quenching constant. 

In order to evaluate the adequacy of the surface diffusion quenching mod- 
el, the authors explored several approaches concerning the nature and distribu- 
tion of luminescent indicator sites on the adsorbate and the mode of quencher 
delivery to the sensitizer. The most interesting models were those considering: 

(a) two independent binding sites with both sites quenched by gaseous diffusion 
with different quenching constants (Eq. 8) 

foi I fo2 
1 + ^SVi[Q] 1 + ^SV2[Q] 

(b) diffusional quenching by adsorbed oxygen only with oxygen adsorption fol- 
lowing a Freundlich isotherm (Eq. 9): 

= 1 + (9) 

Experimental results point out that dynamic quenching in silica disks can 
best be described by a Freundlich surface quenching model (b), although gas- 
eous quenching cannot be neglected. On the other hand, oxygen quenching 
in silica-doped silicone membranes and organic polymers is best fitted by the 
two-site quenching model (a). This model assumes that the indicator exists 
in only two sites, each of them having a different unquenched contribution 
to the emission intensity and a different quenching constant. Although mul- 
tiple sites would be expected for these membrane systems, a simple two-com- 
ponent model appears sufficient to fit most calibration data and it has been 
found indeed that the two-site model has an excellent fitting value for oxy- 
gen quenching in different solid supports [102, 106, 124, 127, 136-138]. How- 
ever, because it will quantitatively fit more complex systems, one should use its 
fitting parameters with great caution for detailed mechanistic interpretations 
[117] (see below). 

A modified form of the Stern-Volmer equation, referred as the non-linear 
oxygen solubility model, has been proposed for correlating the luminescence 
intensity of a Ru(II) complex in a polymer with the analyte concentration [110]. 
Equation (10) is based on the kinetics of oxygen quenching and the oxygen sol- 
ubility in the polymer, 

lo/I = 1 + A P 02 + 5 ^ 02 /( 1 +^ P 02 ) (10) 

where A and B are empirical parameters combining the oxygen quenching and 
solubility parameters, and bis a parameter in the solubility equation. This mod- 
el considers that all the photoexcited molecules in the silicone-rubber film can 
be quenched by oxygen and it assumes that the deviation of the Stern-Volmer 
plot from linearity is due to the non-linear solubility of oxygen in the polymer. 
The above equation has been used to fit successfully the observed data associat- 
ed with most oxygen optodes [107]. 
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In the case of oxygen sensors based on silicone sensing layers containing 
additives such as cross-linkers, co-monomers, silica gel, etc., the two-site mod- 
el was found to be too simplistic [117, 118]. Therefore, the investigated systems 
were characterized by three types of regions: (i) a largely hydrophobic domain 
whose major constituent is poly(dimethylsiloxane); (ii) interfacial regions; 
(hi) insoluble silica particles or, for those silica gel-free polymers, more polar 
regions originating from the cross-linker or co-monomer. 

As mentioned above, the luminescence decay profile of Ru(II) complexes 
immobilised in polymer supports cannot be fitted to single exponential func- 
tions. Many alternative fitting models have been proposed that yield good qual- 
ity fits (e.g. multiexponential decays, Gaussian distributions, stretched expo- 
nentials,...), though they provide no physical information on the reasons for 
the microheterogeneity and are only mathematical constructs [139]. Recent- 
ly, a new model that considers the interaction of the fluorophore with the non- 
uniform environment provided by the polymer has been proposed to describe 
the nonexponential emission decay of indicator molecules, giving also physical 
reasons for the experimentally observed nonlinearity of the Stern- Volmer plots 
[103, 140]. This model has a better physical basis than the usual fits with multi- 
ple exponentials or lifetime distributions of arbitrary shape. Oxygen quenching 
is described by a single parameter which, in favorable cases, depends linearly on 
the oxygen pressure. This may be of advantage for the calibration of optical oxy- 
gen sensors based on luminescence quenching, and it opens the possibility of 
describing the characteristic dependence of sensor signal on oxygen concentra- 
tion with a minimum number of variable parameters. 

The sensing layers studied include PVC, silicone, ethylcellulose and polysty- 
rene polymers. Most polymers are nonuniform media in a sense that there is no 
long-range structural order and, to properly describe the deviations from a sin- 
gle exponential decay of the luminophore embedded in a polymer matrix, the 
influence of the microenvironment on its radiative (k^) and nonradiative (knr) 
deactivation rate constants has to be considered. This effect can be due to spa- 
tial nonuniformity in the refractive index of the support, variations in the steric 
stabilization of the luminescent indicator by the polymer environment, electron 
transfer or non-resonant energy transfer from the luminophore to acceptor sites 
in the matrix. The medium surrounding the luminophore should affect predom- 
inantly /Cnr (see Luminescence Features section); this effect depends on the dis- 
tance between the indicator dye and the nearest interacting polymer site. In the 
simplest case, such distances are homogeneously distributed and /Cnr depends 
on the distance between the luminophore and the interacting site of the poly- 
mer according to a power law (r“^ for a dipolar interaction). Other relationships 
maybe used depending on the nature of the indicator dye and polymer support. 
Following this approach, integration of the differential equation describing the 
time evolution of the excited-state population (luminescence intensity) yields 
Eq. (11), which deviates from the usual exponential form even in the absence of 
any external quencher. 



/(t) = exp 
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In Eq. (11), c is a quenching parameter related to the oxygen concentration 
and fl is a parameter proportional to the density of quenching sites (if no matrix 
interactions are present, a = 0 and the decay remains a single exponential). This 
model gives a physically more reasonable procedure than multiple-exponen- 
tial or rate-distribution models do because Eq. (11) relates the form of the 
decay curve to a certain quenching mechanism. In principle, a single quench- 
ing parameter is sufficient for a full description, and in favorable cases, i.e. when 
the indicator is well dispersed in a single-phase matrix for which Henry’s law is 
valid, this quenching parameter varies linearly with the oxygen pressure. Such 
favourable conditions, however, prevail only in certain polymer matrices, while 
a nonlinear dependence of the quenching parameter on the oxygen pressure is 
found in others. 

Finally, attempts have been made to linearize the calibration plots of oxy- 
gen sensing layers containing Ru(II) complexes as indicator dyes [141]. The 
simple model also accounts for stray radiation within the system [78, 142, 
143]. It assumes that the measured signal (I) is composed of quenchable and 
non-quenchable radiation. The quenchable light (/q) corresponds to lumines- 
cence generated from 02-accessible Ru(II) dye molecules. The oxygen quench- 
ing process is considered to be described by a single iCsv- Non-quenchable 
light (/nq) corresponds to any unremoved excitation radiation, all sources of 
stray radiation and any non-quenchable luminescence from indicator aggre- 
gates within the sensing membrane. The measured intensities in the absence 
and presence of quencher are given as Iq = Iqq+I^q and I = /q+/nq> respective- 
ly. Rearranging and introducing them into the Stern-Volmer equation gives the 
final working Eq. (12). 

^ = ^NQ “^Nq)/(i + ^Sv[02]) (12) 



6.5 

Instrumentation Used in Oxygen Sensing with Ru(ll) Dyes 

Twenty years ago, [Ru(bpy) 3 ]^+ was already recognized to be a promising indi- 
cator for oxygen sensing among other blue- excitable indicators which were 
known to be strongly quenched by oxygen [144]. Subsequently, the first sim- 
ple optoelectronic sensors for oxygen based on measurement of the lumines- 
cence lifetime rather than intensity, using a frequency-modulated light emitting 
diode (LED) as a light source, were described [145, 146]. Such studies started the 
development of commercial applications based on fibre-optic oxygen sensing, 
that has evolved from the first fluorescence spectrometers or fibre-optic pho- 
tometers with rather limited applicability and high cost, to the modern and less 
expensive all solid-state instruments that are being marketed nowadays [8]. 

The number of commercially successful applications is still low because 
most optical oxygen sensors have never been developed beyond the laborato- 
ry stage, and do not fulfil crucial requirements such as long-term stability, rug- 
gedness, cost effectiveness and handling convenience. In order to perform in 
situ monitoring of oxygen, low-cost, battery-operated portable sensors based 
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on luminescence measurements that make use of solid-state technology, being 
able to measure low power optical signals with good signal-to-noise ratios, are 
the desirable instruments. Recently, lifetime-based oxygen monitoring systems 
suitable for the determination of gas phase or dissolved oxygen, using stand- 
ard electronics, digital components and low-cost semiconductor devices such as 
narrow-band powerful blue LEDs and photodiode detectors, have been devel- 
oped [98, 147]. These instruments, which are compatible with the oxygen-sensi- 
tive membranes described above, may be calibrated by a simple two-point pro- 
cedure with air and oxygen- (saturated) gas (or water in the case of dissolved 
oxygen sensors). It has been shown that lifetime-based sensors can be stable 
over years without any need for recalibration (their shelf life is in the order of 
years), and reproducible results can be achieved using sensor elements from dif- 
ferent production lots without adherence to stringent specifications concerning 
sensor composition. This fact makes quality assurance much easier and time- 
consuming and costly calibration procedures can be kept to a minimum in the 
production process. Another advantage for the end user is that there is no need 
for individual calibration steps during the measurement, which makes applica- 
tion of the sensors much more easy to handle by untrained personnel, saving 
time and cost [147-151]. 

The capability of light guides for simultaneous long-range transmission of 
optical signals has been widely exploited for constructing oxygen optosen- 
sors. In addition to the most employed front-face interrogation of the sensitive 
membrane, placed at the distal end of a bifurcated fibre-optic bundle or a sin- 
gle waveguide [95, 96, 98], other configurations such as evanescent-wave exci- 
tation [128] or capillary optosensing [151, 152] have been explored. Fibre-optic 
oxygen sensors have a number of advantages compared to other optical sens- 
ing schemes [3]. Moreover, simultaneous measurement of chemical and physi- 
cal parameters such as oxygen, pH, carbon dioxide and temperature (multipar- 
ametric analysis) is an attractive feature of fiber-optic sensing that was exploit- 
ed from the very beginning of optical sensing [153, 154]. 



6.6 

Applications 

The estimation of the oxygen partial pressure in gaseous samples or the oxy- 
gen concentration in solution or biological fluids has very important implica- 
tions in environmental, industrial, medicinal and analytical chemistry. There- 
fore, numerous luminescence-based optical sensors have been developed for 
gas and liquid phase measurements, involving gases and water monitoring [105, 
128, 155, 156], clinical analysis of blood [157], through-skin oxygen flux analysis 
and diagnosis of circulatory disturbances and their consequences [158]. Some 
interesting oxygen optosensors have recently been developed, specially those 
concerning areas of environmental and clinical application such as biosensors, 
microsensors, two-dimensional measurement of the distribution of oxygen in 
heterogeneous systems (oxygen imaging), multianalysis and sensors based on 
oxygen transduction. These recent developments will be commented below; 
former applications may be found in refs. [3-5, 95, 98] . The many applications to 
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blood gas analysis will not be considered here because they lie outside the scope 
of the present book. 

A lifetime-based (pulse-probe) optode for marine oxygen monitoring has 
been designed and the influence of several oceanographic parameters specif- 
ic to the marine environment, such as salinity and hydrostatic pressure, were 
investigated [159]. The sensing cell is a thin cylindrical cavity within two sili- 
cone membranes in which [Ru(phen) 3 ]^'^ is dissolved in water to avoid problems 
arising from the immobilisation of the dye in a solid matrix. Salinity appears to 
have no influence on the sensor response but there is a clear effect of the hydro- 
static pressure, the latter attributed to changes in the relative position of the 
fibres, resulting in variations in the collected luminescence intensity. 

MacCraith and co-workers have reported a high performance dissolved oxy- 
gen optical sensor based on phase fluorometric detection with a dual LED ref- 
erencing system [155]. The limit of detection is < 10 ppb, while the long-term 
stability should enable reliable operation for months. The temperature depend- 
ence of the sensor response has been characterised and incorporated in a cal- 
ibration function. The optode operates satisfactorily over the complete range 
of dissolved oxygen concentrations and the response is particularly sensitive 
at low oxygen levels due to the dynamics of the optical quenching process in 
the heterogeneous environment of the microporous film (a rugged hydropho- 
bic xerogel sensing layer doped with [Ru(dip) 3 ]^'^ that can be incorporated in a 
disposable cap configuration). The sensor head has been designed specifically 
for waste-water monitoring but the sensor can be repackaged for other poten- 
tial applications. 

An optosensor that withstands sterilisation for oxygen monitoring in bio- 
reactors has been described [160]. Various polymers were investigated under 
these harsh conditions. Polysulfone and polyetherimide displayed comparable 
results and excellent characteristics for this application. The sensor is calibrated 
before use and does not need to be re-calibrated after sterilisation. This is very 
important for the application in fermentation control because there the sensor 
cannot be removed after autoclaving due to the danger of contamination of the 
sterilised bioreactor. The developed sensor allows measurements between 5 and 
50 °C and oxygen partial pressures from 0 to 5 x 10^ Pa. Within these ranges, the 
oxygen measurement at a temperature different from the calibration tempera- 
ture can be compensated with sufficient accuracy. 

One of the most significant problems when using sensing devices in the real 
world is surface fouling, that is, the rapid accumulation of adsorbed material on 
the working surface of sensors. Such foreign material leads to drift and even- 
tually sensor failure as a result of disruption of the sensitive material or pre- 
vention of analyte transport into the sensitive reagent layer. A major cause of 
concern, particularly in environmental, clinical, or bioreactor monitoring, is 
the formation of protein layers or the adhesion of microorganisms and cells. 
Sensor biofouling makes long-term monitoring difficult and requires frequent 
(field) maintenance operations and probe replacement. Deposition of a non- 
toxic, biocompatible polymer coating based on phosphorylcholine-substituted 
methacrylate units has been demonstrated to be a suitable technology to impart 
highly effective anti-biofouling properties to luminescent oxygen optodes 
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[161]. Nanometer- thick coatings of such materials are shown to reduce sig- 
nificantly the adhesion of marine bacteria and thrombocytes to the surface of 
[Ru(dip) 3 ]^'^-doped silicone layers. The thin coatings perturb the analytical fea- 
tures of these sensors only slightly or not at all and are mechanically stable for 
more than one year of continuous immersion. Such biomimetic materials will 
help to extend the operational lifetime of optical sensors in the application fields 
of environmental monitoring, clinical chemistry, and biotechnology. 

The spatial distribution of chemical and physical parameters in most natu- 
ral environments is heterogeneous. By use of one or several microsensors, point 
measurements or the one-dimensional distribution of chemical parameters can 
be performed at a high spatial resolution. In this case, multiple-microsensor 
systems or arrays of sensors are required to monitor the bi-dimensional distri- 
bution of chemical parameters [162]. A submicrometer optical fiber oxygen sen- 
sor based on the fluorescence quenching of [Ru(phen) 3 ]^'^ has been fabricated 
[163]. The indicator dye has been incorporated into acrylamide and is attached 
covalently to a silanized optical fiber tip surface by photoinitiated polymeriza- 
tion. Leaching of the sensing reagent from the polymer host matrix has been 
minimized by optimisation of the acrylamide monomer/N,iV-methylenebisacr- 
ylamide ratio. The sensor is fully reversible and highly reproducible. The sam- 
ple volume required for measurements is 100 fL and an absolute detection limit 
of 1 X 10"^^ mol of dissolved oxygen has been achieved. 

A fibre-optic oxygen multisensor system and its applications in biotech- 
nology has been described [164]. The oxygen optode is based on [Ru(dip) 3 ]^^ 
adsorbed on silica gel and embedded in silicone or polystyrene polymers, where 
the fiber tip was dipped. The multisensor setup involves a 4-channel system that 
was used to monitor the oxygen profile and to determine the diffusion coeffi- 
cients of oxygen in matrices where microorganisms are cultured, to determine 
the aerobic/anaerobic transition. 

Conventional lifetime imaging requires rather complex and expensive instru- 
mentation, such as lasers and intensified CCD cameras. Recently, a low cost lumi- 
nescent oxygen sensor based on all-solid-state technology has been described 
for oxygen imaging based on lifetime measurements. The authors demon- 
strate that an array of light emitting diodes and a directly gatable CCD cam- 
era can be used as an alternative to image oxygen concentrations on a surface 
covered by an optical sensor [165]. The sensing layer was prepared by adsorb- 
ing [Ru(phen) 3 ] 2 ‘^ on silica gel and embedding the particles in filler-free sili- 
cone rubber. The reported results show that for an illuminated sensor area of 5 
cm^ and an aimed spatial resolution of 1 mm, oxygen resolution was better than 
0.4 Torr in the absence of oxygen and A P 02 - 2.5 Torr at P 02 =100 Torn Lumi- 
nescence lifetime imaging of oxygen is of considerable interest, for example, for 
noninvasive medical applications, which are expected to have a great potential 
in the fields of microcirculation and cutaneous respiration, critical processes in 
a great variety of diseases. The use of fiber optic microsensors, whose signals 
can be recorded simultaneously with a single opto-electronic device, is the best 
way to measure gradients of physical and chemical parameters with sufficient 
spatial resolution (< 50 pm). Such micro-optodes have very small tip diame- 
ters (5-50 pm) that enable an almost non-invasive measurement to be made 
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in intact biological systems. For instance, the oxygen production or uptake of a 
sediment layer can vary from hypersaturation to fully anaerobic conditions only 
in the upper few millimeters and can be calculated from the measured micro- 
profile in the diffusive boundary layer. Oxygen micro-optodes with moderate 
sensitivity are therefore required to monitor oxygen within the full dynamic 
range from 0.1 to 100% oxygen saturation and sufficient spatial resolution. A 
luminescence lifetime-based portable microoptode array, that enables simul- 
taneous oxygen sensing with eight oxygen microoptodes using a simple opti- 
cal setup both in the laboratory and under field conditions, has been developed 
and marketed [162, 166]. The measuring system consists of (i) an optical unit, a 
special fibre-coupler array, optical filters, lenses, light sources (LEDs) and light 
detectors (photodiodes, PMT); (ii) an analog signal processing unit (phase- 
angle detection, filtering) and (hi) a digital signal processing (control, data stor- 
age and display). Each sensor signal is sampled in a time-multiplexed mode. 
This multisensor array system was primarily designed for investigation of the 
oxygen distribution in biofilms and aquatic sediments. The oxygen concentra- 
tion is measured with tapered silica-glass fibers (tip diameter 20-30 pm) using 
^[Ru(dip) 3 ]^^ immobilised in polystyrene. Coatings made of soft polymers such 
as silicone or plasticized PVC are not robust enough for measurement in harsh 
sediments or other complex biological systems that require probes which are 
not fragile due to their very small size. Organically modified sol-gels (ormosils) 
also appear to be promising indicator supports. The oxygen-sensitive coating is 
deposited in this case by dipping the fiber tip into the polymer solution and sub- 
sequently evaporating the solvent. 

The combination of optical sensing with imaging techniques to obtain two- 
dimensional microscale measurements of chemical parameters by using pla- 
nar optodes is also a powerful method to determine the distribution of chemi- 
cal parameters within foils. It has been successfully applied to 2-D oxygen sens- 
ing in sediments with high spatial resolution and negligible disturbance of the 
microenvironment [166]. 

Since oxygen holds great significance as an indicator of the metabolic state 
of living cells, xerogel-based, ratiometric, optical nanoprobes termed PEBBLEs 
{^probes encapsulated by biologically localized embedding'') have been demon- 
strated to enable reliable real time measurements of subcellular molecular oxy- 
gen [167]. The radii of these spherical probes range from 50 to 300 nm. They 
incorporate the oxygen-sensitive luminescent indicator [Ru(dip) 3 ]^‘^ and an 
oxygen insensitive fluorescent dye as a reference for the purpose of ratiomet- 
ric intensity measurements. These probes reportedly have excellent reversibility, 
dynamic range, and stability to bleaching and photobleaching. Their small size 
and inert matrix allow them to be inserted into living cells with minimal physi- 
cal and chemical perturbations to their biological functions. The sol-gel matrix 
protects the dyes from interference by proteins in cells, enabling reliable in vivo 
chemical analysis, compared to using free dyes for intracellular measurements. 
Moreover, the matrix also significantly reduces the toxicity of the indicator and 
reference dyes to the cells. 

The interdependence of pH, carbon dioxide and oxygen during chemical 
and biochemical processes has driven the need to monitor them simultane- 
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ously, continuously and in situ, in order to exert better control. The fabrication 
and performance of a multi-analyte imaging fiber sensor that allows pH, car- 
bon dioxide and oxygen to be monitored simultaneously with rapid response 
has been recently described [168]. Sensing elements were fabricated by entrap- 
ping [Ru(dip) 3 ]^+ within polymer matrices via photopolymerization to yield 
distinct regions of analyte-sensitive material at the distal end of the fiber. The 
working range of the multianalyte sensor is 0-100% for oxygen, 0-10% for car- 
bon dioxide in the 5. 5-7. 5 pH range (carbon dioxide and pH levels are not mon- 
itored with Ru(II) polypyridyls). The sensor was used to monitor changes in 
these parameters during a beer fermentation. The small size of the sensor and 
the simplicity of the instrumental design may allow its use in a clinical environ- 
ment. 

A multiparametric environmental monitoring system for remote analysis 
has been developed [7, 76, 122, 169]. The system comprises up to 8 optical chan- 
nels which permit the simultaneous determination of dissolved (or gas-phase) 
oxygen, pH, temperature, CO 2 , humidity and biological oxygen demand (BOD), 
employing luminescent indicators specifically designed for this purpose and 
waveguides. Alternatively, the same parameter(s) can be monitored in different 
locations. A simple change of the sensitive tip by screwing different caps allows 
the user to select the monitored parameter in each channel. The instrument 
incorporates its own communication features (PSTN, GSM, RS-232) and offers 
the possibility of integrating conventional (electrical) sensors too. The sensor 
field validation carried out against the instrumentation employed in the Water 
Quality Network of different river basins and the National Institute for Meteor- 
ology (INM-MMA) has demonstrated the stability of the novel optical sensors. 
The general analytical features of the optoelectronic system are 0.04 to 35 mg 
^ of dissolved O 2 , 4 to 9 pH units, -30 to 80 °C, 0.6 to 50 mg BOD, 0.1 to 30% 
CO 2 in air, and 1-100% relative humidity, but most of them can be customised 
according to the particular application. 

A new solid-state integrated array format called OSAILS (..optical sensor 
array and integrated light source'') for simultaneous multi-analyte detection 
has been recently developed [170]. The oxygen sensing device uses microw- 
ells machined directly into a LED face and filled with a xerogel doped with the 
oxygen- sensitive [Ru(dip) 3 ]^'^ dye. The resulting luminescence is collected by 
a microscope objective, filtered and imaged onto a CCD. The OSAILS device is 
simple to construct, robust and requires low voltages and no optical fibres. 

Several biosensors for molecules of bioanalytical interest have been devel- 
oped using oxygen transduction, i.e. monitorization of changes in the oxygen 
concentration due to enzyme-catalysed oxidation reactions of target substrates. 
In this way, luminescent biosensors for ethanol [120, 171], glucose [142], choles- 
terol [172] and choline-containing phospholipids [173] have been developed. 
Typically the appropriate enzymes are immobilized on the surface of the oxygen 
optode and measurements are performed in a flow-through cell. 

An optical biosensor for the continuous determination of glucose in bever- 
ages based on sol-gel entrapped glucose oxidase has recently been presented 
[174]. The matrix was ground to a powder form and packed into a flow cell. This 
mini-reactor was positioned in a spectrofluorimeter and connected to a contin- 




13 Environmental andindustrial Optosensing 349 



uous sample flow system. An oxygen-sensitive optode membrane was fabricat- 
ed from [Ru(dip) 3 ]^+ adsorbed on silica gel particles and entrapped in a silicone 
rubber film. The membrane was placed against the wall of the flow cell to sense 
the depletion of oxygen upon exposure to glucose. 

Finally, Wolfbeis et al. have described the development of the first optical 
fibre microbial biosensor for determination of the biochemical oxygen demand 
(BOD) using oxygen transduction with [Ru(dip) 3 ]^'^ [175]. The sensitive tip of 
a fibre bundle consists of adjacent layers of (a) the oxygen-sensitive lumines- 
cent material, (b) Trichosporon cutaneum immobilised in poly(vinyl alcohol), 
and (c) a substrate-permeable polycarbonate membrane to retain the microor- 
ganism layer. The layers are placed, in this order, on top of an optically trans- 
parent gas-impermeable polyester support. Typical response times are 5-10 min 
and the dynamic range is 0-110 mg/L BOD when a glucose/glutamate stand- 
ard is used. The luminescence signal is affected by various parameters, includ- 
ing the thickness of the layers, the cell density of the yeast and the rate at which 
the substrate is passed through the flow-through cell. BOD values estimated by 
the optical biosensor correlate well with those determined by the conventional 
BOD5 method. The main advantages are (a) a more rapid estimation of BOD (in 
comparison with the 5-day BOD5 standard); (b) the possibility of performing in 
situ monitoring using fibre-optics and (c) the option of designing inexpensive 
disposable sensor cells. 

7 

Miscellaneous Sensors and Concluding Remarks 

Special Ru(II) polypyridyls have been described also as luminescent indica- 
tors for direct humidity measurements in the atmosphere (0-100% RH) and 
for water activity determination in food [176] using a multichannel phase-sen- 
sitive fibre-optic instrument. The Ru(ll) complex contains a dipyridophena- 
zine moiety [177], the excited state of which interacts strongly with water mol- 
ecules. This interaction yields a new electronically excited state that deactivates 
via a non-radiative pathway. Therefore an increase of the water vapor concen- 
tration decreases the luminescence of the immobilised metal complex, the proc- 
ess being fully reversible. The selected polymer for the indicator support pre- 
vents oxygen interference. Humidity sensors are the topic of another chapter in 
this book. 

Resonance energy transfer from Ru(ll) complexes to colorimetric pH indi- 
cators dyes (typically bromothymol blue, BTB) embedded in plasticised PVC 
membranes, along with an anion-selective carrier, has been used to develop 
chloride sensors [178, 179]. The response is based on co-extraction of the ani- 
on and protons from the aqueous sample into the organic layer, that leads to a 
large change in the absorbance of BTB. The dynamic range can be adjusted via 
the sample pH (e.g. 30-180 mM chloride at pH 7.0). A similar procedure can be 
employed to monitor potassium ion in the 1-100 mM range (at pH 8.7) with 
valinomycin as the analyte- selective carrier and [Ru(dib) 3 ]^'^ (dib = 4,4‘-diphe- 
nyl-2,2‘-bipyridine) [179, 180]. Actually, a set of luminescence decay time-based 
chemical sensors for clinical applications, all of them based on luminescence 
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resonance energy transfer from Ru(II) polypyridyls and suitable for use in a 
microplate format, has been reported [157]. In addition to the above mentioned 
sensors for O 2 and plasticised membranes for pH, CO 2 , K+ and Cl~ measure- 
ments, additional PVC indicator layers for Na”^, ammonia, urea and glu- 
cose were fabricated with the metal dye and the appropriate carrier. 

Chloride ion has also been measured to provide an estimation of seawater 
salinity via the dual luminophore referencing method [181]. The sensor uses 
a composite membrane containing Nafion-immobilised lucigenin, the fluores- 
cence of which is quenched by chloride, and a ruthenium complex entrapped in 
poly(acrylonitrile) beads. 

A highly sensitive detection of ammonia in the gas phase can be carried out 
with a fibre-optic sensor based on a „sandwich“ membrane containing a long- 
lived Ru(II), insensitive to the analyte, and the indicator dye 2,7-dimethyl-2,7- 
diazoniapyrenium (DAP) [182]. DAP forms strong charge transfer complexes 
with amines and ammonia in organic media, that display significant red fluores- 
cence (<l>f = 0.05) and blue absorption. Using phase-sensitive emission detection 
and a mathematical model to optimise the composite sensitive layers, NH 3 con- 
centrations as low as 9 X 10”^ Torr (1.3 ppmv) were detected. 

It is hoped that this chapter has provided a clear account on the feasibility of 
designing luminescent optosensors based on tailored Ru(II) polypyridyl dyes. 
Both direct and indirect schemes can be arranged to monitor a very wide vari- 
ety of analyte species including gases, ions and metabolites. Nevertheless, new 
analytes will certainly be introduced among the target species in the near future 
and more applications outside the laboratory environment will certainly be 
reported. The subject is ripe for them! 
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List of Abbreviations and Symbols 



5-odap 

5-OHp 

acac 

anth-bpy 

APD 

B 

bim 

BOD 

bpds 

bpy 

BTB 

CCD 



N- 1 , 1 0-phenanthrolin-5-yloctadecanamide 
5-hydroxy- 1 , 1 0-phenanthroline 
acetylacetonate 

4-methyl-4’-[2-(2-naphthyl)ethyl]-2,2’-bipyridine 
avalanche photodiode 

preexponential weighting factors of a multiple-exponential fit 

1 H, UH-2,2‘-biimidazole 

biochemical oxygen demand 

2,2'-bipyridine-4,4‘-disulfonate, disodium salt 

2,2‘-bipyridine 

bromothymol blue 

charge coupled device 




DAP 

deb 

deab 

deam 

deap 

dhp 

dib 

dip 

DLR 

dmch 

DMF 

£ 0-0 

^m+/n+'^ 

^m+/n+ 

/ 

GSM 

HPLC 

HPTS 

1 

lo 

Kas 

^nr 

kq 

kr 

Ksv 

LD 

LED 

LRET 

MC 

Me-pyim 

MLCT 

NHE 

NMR 

NN 

omch 

OSAILS 

PAH 

pbbs 

PEBBLE 

PET 

phen 

phhp 

K, 
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2.7- dimethyl-2,7-diazoniapyrenium 
2,2‘-bipyridine-4,4‘-dicarboxylic acid 

iV-({3‘-[(diethylamino)methyl]-2,2‘-bipyridin-3-yl}methyl)-Ar,N- 

diethylamine 

N-({4‘-[(diethylamino)methyl]-2,2‘-bipyridin-4-yl}methyl)-iV,N- 

diethylamine 

iV,N-diethyl-Ar- 1 , 1 0-phenanthroline-4-ylethane- 1 ,2-diamine 

1 . 1 0- phenanthroline-4,7-diol 
4,4‘-diphenyl-2,2‘-bipyridine 

4.7- diphenyl- 1 , 1 0-phenanthroline 

dual luminophore referencing technique 

5.8- dimethyl-6,7-dihydrodibenzo[^7,j]-l,10-phenanthroline 
dimethylformamide 

energy difference between the lowest excited state and the ground 
state 

redox potentials of a Ru(II) complex in its excited state 

redox potentials of a Ru(II) complex in its ground state 

modulation frequency of the excitation source 

global system for mobile communications 

high performance liquid chromatography 

8-hydroxypyrene- 1 ,3,6-trisulphonic acid 

luminescence intensity in the presence of quencher 

luminescence intensity in the absence of quencher 

association constant 

nonradiative deactivation rate constant 

bimolecular quenching rate constant 

radiative deactivation rate constant 

Stern-Volmer constant 

laser diode 

light-emitting diode 

luminescence resonance energy transfer 

metal-centered state 

l-methyl-2-(2-pyridyl)- 1,3-imidazole 

metal-to-ligand charge transfer state 

normal hydrogen electrode 

nuclear magnetic resonance 

polyazaheterocyclic chelating ligand 

5.8- dimethyldibenzo [ b,j] - 1 , 1 0-phenanthroline 
optical sensor array and integrated light source 
polycyclic aromatic hydrocarbon 

U,10-phenanthroline-4,7-diyl)bis(benzenesulfonate), disodium 
salt 

probes encapsulated by biologically localized embedding 
photoinduced electron transfer 

1 . 1 0- phenanthroline 

N-phenyl- 1 , 1 0-phenanthrolin-4-amine 
ground state acidity constant 
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K ^ 

PMT 

P02 

PSTN 

PVC 

py-bpy 

pyim 

py-phen 

pytzhp 

pzth 

RTV 

SCE 

T 

tanp 

tap 

TC-SPC 

tmp 

UV-VIS 

XRD 

Fmax 

4 > 

<j>0 

^ISC 

T 

To 

Tm 



excited state acidity constant 
photomultiplier tube 
oxygen partial pressure 
public switched telephone network 
poly( vinyl chloride) 

4- pyren- 1 -yl-2,2‘-bipyridine 
2-(2-pyridyl)-l,3-inridazole 

5- pyren- 1 -yl- 1 , 1 0-phenanthroline 
2-(3-pyridin-2-yl-lET-l,2,4-triazol-5-yl)phenol 
2-(l,3-thiazol-2-yl)pyrazine 

room temperature vulcanization 
standard calomel electrode 
triplet excited state 

N- [3- ( 1,1 0-phenanthrolin-4-ylamino)propyl] propane- 1,3- 
diamine 

pyrazino [2,3-/] quinoxaline 
time-correlated single photon counting 
3,4,7,8-tetramethyl- 1 , 1 0-phenanthroline 
ultraviolet-visible 
X-ray diffraction 

absorption coefficient at the maximun of the absorption band 
luminescence phase shift 

luminescence quantum yield in the presence of quencher 
luminescence quantum yield in the absence of quencher 
intersystem crossing quantum yield 
luminescence quantum yield 
luminescence lifetime 

excited state lifetime in the absence of quencher 
preexponential weighted emission lifetime 
nuclear magnetic resonance frequency 
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TIRF Array Biosensor for Environmental Monitoring 

Kim E. Sapsford, Frances S. Ligler 



1 

Introduction to Biosensors 

The field of biosensors has been the subject of an increasing number of books 
and literature reviews [1-5]. Biosensors consist of two major components: the 
molecular recognition element and a signal transduction mechanism. The 
molecular recognition element in biosensor technology takes the form of either 
a biological molecule (antibodies, enzymes or nucleic acids), a biological sys- 
tem (membranes, tissues or whole cells) or a biomimetic (a species which con- 
sists of an active site comparable to that of a naturally produced biomolecule). 
The increase in sensitivity and specificity, in comparison to chemical sensors, is 
a direct result of utilizing a biomolecule as the recognition element. The choice 
of transduction method largely depends on the intrinsic properties of the bio- 
molecule, such as the co-factors found within the structure, and the recognition 
event measured. Typical transduction techniques used in array biosensor for- 
mats include optical and electrochemical; however, mass-mechanical, thermal 
and acoustic are also possibilities. 

Biosensors have numerous applications such as medical diagnostics and 
healthcare, environmental monitoring of pollutants, process monitoring in the 
chemical, food and beverage industries and military defense. Despite much 
research and numerous publications in the area of biosensing, there has been 
little success in biosensor commercialization due to concerns about stability, 
sensitivity and quality assurance (during mass production) relative to estab- 
lished and competitive technologies [6, 7]. However, notable exceptions include 
biosensing devices for glucose [8], biological oxygen demand (BOD) [8, 9] and 
the home pregnancy and ovulation tests [10], which have made the leap into 
the commercial market. Much of the initial biosensor research and develop- 
ment has been in the clinical diagnostics market [1 1]; however, increasingly the 
use of biosensors for environmental applications is being investigated [7, 12]. 
Clearly in order to develop commercial biosensors for the environmental mar- 
ket, the final product must offer advantages over existing technology, such as 
the ability to perform faster, more sensitive, multi-analyte and real-time meas- 
urements. 
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1.1 

Biosensors for Environmental Applications 

The area encompassing environmental pollutants covers a variety of target ana- 
lytes considered hazardous to both ecosystems and human health. As a result, 
there is a requirement to monitor the impact of numerous industrial process- 
es, such as water treatment and chemical production, for potential pollutants, 
as well as the need to monitor air, food and drinking water for biological war- 
fare (BW) agents. A number of recent reviews have highlighted the competition 
of biosensors with a number of well established laboratory methods and field 
test kits for environmental applications [7]. These existing commercial tech- 
niques have the ability not only to identify both expected and unexpected ana- 
lytes but also to map a contaminated region for spatial distribution of a specific 
species. It appears that the main niche for biosensors in environmental applica- 
tions is in the area of continuous and rapid field monitoring and on-site map- 
ping of a particular known target analyte, currently not offered by established 
measurement techniques. Continuous monitoring for a specific analyte would 
eliminate the need for repeated visits to a particular site and would provide ear- 
ly warning in the case of BW agents, such that appropriate action could be tak- 
en. Standard sampling for depth profiling often disrupt the system measured; 
continuous monitoring would eliminate the stirring inherent in collecting dis- 
crete samples. 

Concerns over the contamination or degradation of the sample during trans- 
port have led to interest in the development of techniques, such as biosen- 
sors, for on-site analysis. Such devices must be small, lightweight and porta- 
ble. The development of microfabrication technologies in the area of miniatur- 
ized transducers increases the feasibility of portable biosensors. Advances in the 
field of lasers and light emitting diodes (LEDs) have led to light sources with a 
wider range of wavelengths, lower prices and lighter weight. This has resulted in 
an increased use of optical transduction over the more common electrochem- 
ical methods used previously in biosensors. An additional benefit is that reac- 
tions which do not involve electroactive species can be employed since electri- 
cal contact with the transducer is not required. 

Size is not the only issue that must be addressed in the development of a bio- 
sensor for environmental monitoring. A number of important factors must be 
considered such as sensing environment, sensitivity requirements, shelf-life and 
capability for simultaneous detection of multiple analytes. It is clear that for 
use in environmental applications, the biosensor must perform in a number of 
complex sample matrices such as soil, river and sea water and food, preferably 
with little or no sample pretreatment. Possible detrimental effects of the sample 
matrix (pH and temperature) on the immobilized biomolecule may be avoided, 
however, by utilizing a simple sample pretreatment. Whether the biosensor is 
fixed into position at a site or carried around by an individual has ramifications 
for the size and operating constraints. If the biosensor is a continuous monitor- 
ing device, it must avoid the process of biofouling. Sensitivity requirements such 
as the concentration range and limit of detection must be considered, as these 
are different depending on the application. The response and recovery time of 
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the biosensor, as well as how easily the sensing platform is replaced if the device 
is for one-time use, and the working lifetime and shelf-life of the biosensor are 
all important considerations. One of the major obstacles to biosensor commer- 
cialization is the diversity of potential environmental pollutants ranging from 
simple organic and inorganic molecules to bacterial spores. The specificity of 
biosensors, although a huge advantage, also leads to high cost per analyte. One 
solution to this concern is to produce biosensors capable of simultaneous detec- 
tion of multiple analytes. 

High density arrays are well known in the literature through their appli- 
cation to DNA gene chips [13, 14] and, more recently, antibody chips [15, 16]. 
These high density arrays have revolutionized the field of genomics and have 
been used to investigate gene expression as markers for disease and pathogens, 
drug response and development, and in the study of normal cell functions. Typ- 
ically, thousands of discrete DNA sequences are printed onto microscope slides 
using an arrayer. The complementary DNA strands are fluorescently labeled and 
the resulting hybridization monitored using confocal microscopy. Unfortunate- 
ly, environmental field monitoring requires small portable devices and confocal 
microscopy is still very much a laboratory-based technique. The time required 
for analyte binding to the chips is also a matter of hours. These factors have lim- 
ited the application of high density arrays so far to the areas of biological, clin- 
ical and pharmaceutical screening and discovery, rather than detection using 
biosensors. 

High density arrays themselves share much in common with their low den- 
sity counterparts which are more typically used in biosensor applications: (1) 
the chemistry used to immobilize biomolecules onto the planar surfaces with- 
out denaturation; (2) the sensitivity attainable; and (3) the need for standardi- 
zation and quantification of the resulting images [17, 18]. The use of high den- 
sity arrays for environmental applications has so far been limited by the trans- 
duction method, confocal microscopy, used to interrogate them since the arrays 
themselves are micron-sized. However a recent study by Duveneck and cowork- 
ers [19], comparing confocal microscopy and total internal reflection fluores- 
cence (TIRF), demonstrated that TIRF offered a more sensitive measurement. 
Hence, the future use of high density arrays coupled with TIRF for environmen- 
tal applications is an exciting prospect. The remainder of this chapter will focus 
on low density array biosensors based on optical transduction mechanisms. 

2 

Technical Aspects of Optical Array Biosensors 

The development of array biosensors is a relatively new field for both optical 
and electrochemical transduction and owes much to advances in microfabri- 
cation technology which has led to the ability to immobilize arrays of biomol- 
ecules in discrete regions on the transducer surface. This chapter will deal with 
optical transduction, although the field of electrochemical microarray trans- 
duction is also generating much interest and research [20-27]. Optical trans- 
duction has a number of advantages over electrochemical in as much as electri- 
cal contact with the surface is not required and multi-analyte detection is possi- 
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ble provided the various responses occur at different wavelengths or the surface 
response is spatially mapped via 2D imaging techniques. 

2.1 

Optical Transduction Used in Array Biosensors 

There are a variety of optical behaviors which can be exploited in the devel- 
opment of biosensors including fluorescence, absorbance, bioluminescence, 
chemiluminescence and refractive index changes. In terms of array biosensors, 
fluorescence and refractive index change using reflectance transduction are the 
most popular. Techniques which can be grouped under the principle of reflect- 
ance include: attenuated total reflectance (ATR) which monitors alterations in 
the IR, visible and UV regions; surface plasmon resonance (SPR) [28] and inter- 
ferometric [29] techniques which measure variations in refractive index; and 
total internal reflection fluorescence (TIRF) [30] which monitors changes in flu- 
orescence. SPR, interferometry and, to a greater extent, TIRF have been devel- 
oped as transduction methods to investigate the interactions of arrays of bio- 
molecules immobilized on a sensing surface. The basic experimental arrange- 
ment of a system based on the principle of specular reflectance (where 0jn == 
^out)> as opposed to diffuse reflectance (where 6in ^ ^out)> is illustrated in Fig. 1. 
All of the optical approaches mentioned above are based on the principle of 
total internal reflection; however, they harness the resulting evanescent wave in 
different ways to produce a signal. 

2.1.1 

Total Internal Reflection 

At the interface of two media with different refractive indices, described by Eq. 
1, (Mx: where is either Ui or nr. Fig. 1) incident light from the higher refractive 
index medium will be partly refracted and partly reflected. 



Fig.l. The basic experimental arrangement of a system based on the principle of specu- 
lar reflectance 




Light Source 



Detector 2 
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£oyio)f’^ ( 1 ) 

where £i and £o are the permittivity of light in the dielectric and a vacuum, 
respectively, and pi and po are the permeability of light in the dielectric and 
a vacuum, respectively. When the angle of incidence is greater than the crit- 
ical angle (6^), given by Eq. 2, the phenomenon of total internal reflection is 
observed, whereby all the light is reflected and none refracted. 

6c = sin"^ (^^ 2 /«l) where rii > ri 2 (2) 

Under the condition of total internal reflection, a standing wave of the elec- 
tromagnetic field is set up at the point of reflection. This standing wave is known 
as the evanescent wave and penetrates into the lower refractive index medium 
with an exponential decay. The depth at which the intensity of either the elec- 
tric or magnetic component of the electromagnetic wave drops to 1/e of its orig- 
inal value is known as the depth of penetration and is described by Eq. 3; where 
nil = ri2l ni. 

dp = (Avac / 2nni) [1 / (sin^^ - ri2i^)V'^ (3) 

As shown in Eq. 3, dp is dependent on the incident angle (0), the refractive 
indices of the dielectrics (rii and ^ 2 ), and the wavelength (A) of the light. Typi- 
cal penetration depths range between 100 and 500 nm. It is this evanescent wave, 
generated at the interface between the two dielectrics that, in TIRF and inter- 
ferometry, interacts with the surface species immobilized at the interface and in 
SPR generates surface plasmons in the metal surface. 

The intensity of the reflected light will decrease after each reflection due to 
interactions at the surface of the waveguide. This decrease in the intensity of the 
reflected light can be measured using detector 2, described in Fig. 1, and is typ- 
ically used in interferometric techniques and SPR. When the evanescent light 
excites a fluorophore on the planar waveguide, as with TIRF, the resulting fluo- 
rescence emission can be measured either at detector 2 as shown in Fig. 1 or, as 
is more common, at right angles to the waveguide interface, as represented by 
detector 1. 

2.1.2 

Interferometric Techniques 

Interferometry is a label-free optical method which utilizes the evanescent 
field generated under the condition of total internal reflection to directly probe 
refractive index changes at an interface. The technique is based on the princi- 
ple that an event such as biological binding will result in a change in the refrac- 
tive index at the surface and hence change the speed of light through this region. 
In order to measure this change, a reference beam, which is not exposed to the 
binding event, is placed adjacent and in close proximity to the sensing beam; 
the sensing and reference beam are then combined to produce an interference 
pattern. Reaction specificity is provided by functionalizing the sensing channel 
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Fig. 2. Typical flow cell arrangement of an interferometric biosensor based on the Mach- 
Zehnder interferometer 



with an analyte-specific capture molecule, such as an antibody. The reference 
channel is designed to account for background signals arising from thermal dif- 
ferences, mechanical changes and bulk index changes, arising, for example, due 
to non-specific binding. 

Interferometric biosensors are generally based on the Mach-Zehnder inter- 
ferometer. A typical channel flow cell arrangement which uses a monochromat- 
ic light source such as an argon-ion or helium-neon laser is shown in Fig. 2. The 
laser light is split into two beams using a Y-junction, one for the reference and 
one for the sensing channel. After passing through the sensing channels, the 
beams are recombined at a second Y-junction to produce the interference pat- 
tern. Waveguides typically take the form of integrated optical waveguides (lOW) 
and are mono-mode, providing uniform longitudinal excitation of the sensing 
regions. When the thickness of the waveguide is much greater than the wave- 
length of the reflected light, the waveguide is referred to as an internal reflection 
element (IRE). However, if the thickness of the waveguide is decreased such that 
it approaches the wavelength of the incident light, the pathlength between the 
points of total internal reflection become increasingly shorter. At the thickness 
where the standing waves, created at each point of reflection, overlap and inter- 
fere with one another, a continuous streak of light appears across the waveguide, 
and the IRE becomes known as an lOW [31]. 

lOWs are prepared by depositing an optically transparent thin film of high 
refractive index onto the surface of a glass substrate. These thin films are typ- 
ically 80 - 160 nm in thickness and consist of materials such as silicon nitride 
(Si 3 N 4 ) [32-36]. The lOW thin film is then commonly coated, with the excep- 
tion of the reference and sensing regions, with a silicon dioxide cladding lay- 
er to improve optical contrast. The coupling of light into the waveguide is 
achieved either by end firing, prism coupling or diffraction gratings. End fir- 
ing, although the easiest to perform is not as efficient a method of coupling 
light to thin films as the other two. Prisms on the other hand, although efficient 
at coupling, often complicate sensor design, due to the intimate contact, pres- 
sure and messy index matching fluids required to optically attach the prism to 
the surface of the waveguide. Gratings therefore are the most commonly used 
coupling method in interferometry measurements as they are easily fabricat- 
ed into the waveguide by either embossing or etching the surface. Generally 
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detectors in interferometric measurements take the form of an array of pho- 
todiodes. 

Interferometry is capable of multi-analyte or multi-sample measurements, 
as demonstrated for chemical sensors [37-39], by creating arrays of the sens- 
ing-reference channel pairs on a single waveguide. However, microfabrication of 
the Y-junctions used in such array formats has proven to be difficult. Schneider 
and coworkers [34] overcame this issue by coupling a single broad beam of laser 
light into the waveguide; the light then interacted with multiple parallel sensing- 
reference regions, and an array of integrated optic elements combined the signal 
from adjacent regions producing the interference pattern. This greatly simpli- 
fied the waveguide fabrication process, leading to miniaturized waveguide sur- 
faces, which are cheap and easy to manufacture consistently. 

One of the major disadvantages of interferometry is its inability to measure 
small molecular weight analytes, a problem shared by SPR. This complicates 
experimental design, as demonstrated by Schipper and coworkers [35] who 
developed a biosensor for atrazine which required the synthesis and surface 
immobilization of a BSA-atrazine complex. The free atrazine could be measured 
in solution via a competitive assay with the antibody, also in solution. Another 
important problem is the fabrication of a “real” referencing channel, which takes 
into account all processes other than the specific binding which occur in the 
sensing channel. The referencing channel must be designed such that it takes 
into account bulk refractive index changes of the solution, non-specific binding 
and temperature fluctuations. 



2.1.3 

SPR Imaging 

SPR biosensing offers a label-free method of investigating biological interac- 
tions and was first demonstrated in 1983 [40]; since then it has continued to be 
the subject of numerous reviews and publications [41-45]. SPR imaging on the 
other hand is a recent development in SPR technology and is still in its infan- 
cy. SPR is the oscillation of free electrons which propagate along the interface 
between a conductor, typically a metal (e.g. gold, silver or copper) and a dielec- 
tric (e.g. air, water or buffer). Incident light, originating from a monochromat- 
ic light source such as a laser (e.g. HeNe) or LED, is coupled to the surface plas- 
mons in the metal via the evanescent wave created under the condition of total 
internal reflection. This coupling is typically done using prisms, such as the 
Kretschmann configuration; however, lOWs [46] and gratings [47] have also 
been used. The coupling results in an attenuation of the reflected light inten- 
sity measured at detector 2 (Fig. 1) which commonly takes the form of a sin- 
gle or multiple photodiodes, the later is referred to as a “fan” SPR. The angle 6 
at which this coupling occurs is found to be critically dependent on the dielec- 
tric properties at the metal-dielectric surface, including the refractive index and 
film thickness. 

One of the major limitations set by the signal-to-noise ratio of the detection 
system is the measurement of low molecular weight species, typically less than 
5000 Da [48], although this limit of detection is improving. Often experimen- 
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tal design is limited to a system in which the larger of the two binding partners 
becomes the analyte with the smaller component immobilized as the “capture” 
element. Also due to the nature of its measurement (refractive index change), 
SPR is highly sensitive to ambient temperature variations and can be suscepti- 
ble to bulk matrix effects, such as non-specific binding. There are, however, an 
increasing number of reports in the literature which address these problems. 
O’Brien and coworkers [49], for example, developed a two-element SPR array, 
similar in concept to that described earlier for the interferometric measure- 
ments, consisting of a reference and sensing region, which was capable of com- 
pensating for both thermal and bulk effects. 

The simplest approach to multi-analyte or multi-sample SPR biosensing is 
the production of multichannel, parallel sensing areas on the waveguide surface. 
Here the laser beam is split to excite surface plasmons in each channel; these 
channels are then interrogated separately to yield SPR information about each 
particular channel. An alternative to interrogating each channel separately is to 
spectrally discriminate the channels by switching to polychromatic light with a 
wavelength-sensitive detector, such as a spectrograph. This allows the produc- 
tion of a number of SPR curves at different wavelengths either by altering the 
angle of incidence using a sloping prism [50] or preparing distinct regions in 
the sensing area via introduction of a high refractive index overlay to part of 
the surface [51, 52]. SPR imaging, however, holds promise for the development 
of an SPR biosensor for environmental monitoring due to its potential to carry 
out both multi-analyte and multi-sample measurements. Research in SPR array 
biosensing is still very much in the early stages of development, and has mostly 
concentrated on proof of concept. 

O’Brien and coworkers [53] expanded on their previous work to devel- 
op an SPR imaging system which combined conventional “fan” type SPR with 
charge coupled device (CCD) detection. The instrument excited and detected 
the reflected light intensity at all angles simultaneously using one dimension of 
the CCD array; the second dimension was used to study all 10 separate PDMS 
micro-flow channels in real time. The authors investigated antibody-antigen 
and avidin-biotin type interactions, depending on the immobilized species in 
a particular channel, demonstrating that such an instrument could be used to 
carry out either multi-analyte or multi-sample SPR measurements. This is dif- 
ferent from the more conventional form of SPR imaging developed by Corn et 
al. [54-61] in which an expanded HeNe laser beam, reflected off the gold sur- 
face at a fixed angle, close to the SPR angle, illuminates the entire surface. Any 
changes in the index of refraction near the interface will result in changes in the 
intensity of the reflected light at a fixed angle. SPR imaging measurements were 
demonstrated with multi-analyte assays using initially ID then 2D DNA sensing 
microarrays; multi-sample and multi-analyte measurements would be possible 
with the 2D sensing array combined with 2D detection format. 

SPR imaging is still limited by its inherent inability to detect low molecu- 
lar weight species. This is further amplified by the fact that the technique meas- 
ures intensity variation, making it vulnerable to stray light and other noise. SPR 
imaging techniques based on intensity modulation also possess inferior resolu- 
tion compared to SPR instruments based on angular or wavelength modulation. 
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which can affect sensitivity. Much of the instrumentation is still very much lab- 
oratory-based and large in size and therefore not practical for field applications. 
The remainder of this chapter will therefore concentrate mainly on the develop- 
ment of TIRF array biosensors for environmental monitoring. 

2.1.4 

TIRF 

As mentioned previously, TIRF is currently the most popular and well devel- 
oped technique used in the study of 2D arrays of biomolecules immobilized 
onto the surface of planar waveguides. TIRF differs from SPR in that the eva- 
nescent wave, generated under the condition of total internal reflection, inter- 
acts with and excites a fluorophore near the surface of the waveguide, and the 
resulting fluorescence is measured by the detector [31, 62-65]. There has been 
extensive research into improving the optics and sensitivity of TIRF instrumen- 
tation. Most of the final systems described consist of a number of similar com- 
ponents such as the light source and detector and a variety of focusing lenses 
to improve detector response [66-70]. Golden [69] used a 2-dimensional grad- 
ed index (GRIN) lens to focus the fluorescence from the planar waveguide onto 
a CCD. The GRIN lens provided a shorter working distance than a standard 
lens with a concomitant decrease in overall instrument size. The introduction 
of bandpass and longpass filters was found to improve the rejection of scattered 
laser light and hence reduce the background of the system [70]. 

Coherent light in the form of lasers is typically used as the excitation source 
in TIRF studies. The exact choice of the laser is dependent upon the fluorescent 
label used. The most commonly used lasers are the argon-ion (488 nm) laser for 
fluorescein and a helium-neon (633 nm) or diode laser (635 nm) for the cyanine 
dye (Cy5). A number of devices have been used in the detection of the result- 
ing fluorescence emission, in particular CCD cameras [70-72], photomultipli- 
er tubes (PMT) [73], photodiodes [74], a single photomultiplier tube [75, 76] 
and more recently a complementary metal oxide-semiconductor (CMOS) cam- 
era [77]. 

Unfortunately, a side effect of using bulk waveguides and collimated light 
is the production of sensing “hot spots” along the planar surface which occur 
where the light beam is reflected, illuminating only discrete regions. These hot 
spots have been successfully utilized as sensing regions by Brecht and co-work- 
ers in the development of an immunofluorescence sensor for water analysis [74, 
78]. Feldstein et al. [70, 79] overcame this problem by incorporating a line gen- 
erator and a cylindrical lens to focus the beam into a multi-mode waveguide 
which included a propagation and distribution region prior to the sensing sur- 
face. This resulted in uniform lateral and longitudinal excitation at the sensing 
region. 

Another method of achieving uniform longitudinal excitation of the sens- 
ing region is to use lOWs [67, 72]. These are frequently used in TIRF studies 
and consist of thin films of inorganic metal oxide compounds such as tin oxide 
[66], indium tin oxide (ITO) [80], silicon oxynitride [72] and tantalum pentox- 
ide [81, 82]. The light is coupled into these lOWs via a prism or grating arrange- 
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ment. Studies by Brecht and co-workers [74] compared IRE- and lOW-based 
waveguides and concluded that the integrated optics significantly improved the 
sensitivity of the system by a factor of 100 compared to waveguides illuminat- 
ed in discrete spots. 



2.2 

The Molecular Recognition Element 

The choice of biomolecule used in the development of an array biosensor for a 
particular analyte is dependent on a number of factors, including the availabil- 
ity of the biomolecule for the analyte of interest and the application required 
[83]. Enzymes, antibodies and nucleic acids are all extremely specific, selective, 
sensitive and have fast response times. Whole cell and tissue-based array bio- 
sensors contain a number of enzymes resulting in multiple responses and less 
selectivity. Such systems do give a measure of the bioactivity of a particular tox- 
in; however, they have mostly been studied using electrochemical transduction 
[27]. 

The different types of binding events that are typically monitored via TIRE 
and interferometry include antibody-antigen interactions, nucleic acid hybridi- 
zation (DNA/RNA) and to a lesser extent receptor-ligand binding. Unlike inter- 
ferometry, TIRE requires that one of the binding partners generates either 
intrinsic or extrinsic fluorescence. The introduction of an extrinsic fluorescence 
probe, such as rhodamine, coumarin, cyanine, or fluorescein dyes is favored over 
intrinsic fluorescence (which results from amino acid residues or cofactors) as 
the labels can be bound so that function is unimpaired and selected such that its 
fluorescence is distinct from the sample matrix background. 

2.2. T 

Immunoassays 

To date antibody-antigen binding interactions are the most well characterized 
systems employed in sensors based on TIRE. The assays carried out using anti- 
body-antigen systems, illustrated in Fig. 3, can be divided into four main cate- 
gories: direct, competitive, displacement and sandwich immunoassays. As can 
be seen from Fig. 3, the direct assay (Fig. 3A) is the simplest method to perform; 
however, it requires that the antigen contain some form of intrinsic fluorescence 
that can be detected. In the absence of a fluorescent antigen, the preferred for- 
mats are competitive and sandwich assays (Fig. 3B, 3D). In the competitive assay 
(Fig. 3B), a fluorescently labeled antigen competes with a nonlabeled antigen for 
binding sites on the immobilized antibody [73, 74]. Hence, the resulting fluores- 
cence signal is inversely proportional to the unlabeled antigen concentration. 
Competitive formats are especially useful in the detection of molecules not large 
enough to possess two distinct epitopes (e.g., haptens). Sandwich assays (Fig. 
3D), on the other hand, require relatively large antigens; the antigen is bound to 
the immobilized capture antibody at one epitope and is detected by a fluores- 
cent-labeled tracer antibody bound to a different epitope [71-73, 84, 85]. Sand- 
wich and direct assays produce a fluorescence signal that is directly proportion- 
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Fig. 3. Schematic representation of the four main categories of solid-phase immunoassays. 
A) Direct non-competitive assay between the immobilized antibody and the antigen in 
solution. B) Competitive assay between the fluorescently-labeled (known concentration) 
antigen and unlabeled (unknown concentration) in solution for binding sites on the immo- 
bilized antibody. C) Displacement assay between fluorescently-labeled antigen, previously 
bound to the immobilized antibody, and unlabeled antigen in solution. D) Sandwich assay, 
in which the amount of immobilized antigen is determined by passing a second fluores- 
cently-labeled antibody over the surface 



al to the amount of bound antigen. The displacement assay format Fig. 3C has 
only recently been demonstrated in planar waveguide TIRF for measurement of 
the explosive TNT; here immobilized antibodies are first saturated with a fluo- 
rescently labeled antigen. Upon introduction of the unlabeled antigen, displace- 
ment of the labeled antigen, which has a lower affinity for the antibody, occurs 
and is measured as a reduction in the fluorescent intensity [86, 87]. 

Interferometric techniques have used direct [32, 34], competitive [33, 35] and 
sandwich assay [36] formats to study antibody-antigen binding interactions. 
However, due to the low molecular weight limitation interferometry shares with 
SPR measurements, experimental design plays an important role when plan- 
ning immunoassays for a particular species. For example Schipper and cow- 
orkers [33] were able to measure the herbicide atrazine (MW ~ 250 Da) down 
to 100 ng L'l by immobilizing a BSA-atrazine derivate onto the sensor surface 
and undertaking a competitive immunoassay between the surface immobilized 
BSA-atrazine and unlabeled solution atrazine for binding sites on an anti-atra- 
zine antibody in solution. Schneider et al. [34] were able to detect the binding 
of human chorionic gonadotropin (hCG) to immobilized anti-hCG antibody via 
a direct immunoassay; the response was enhanced and sensitivity improved by 
carrying out a sandwich assay using a second anti-hCG antibody labeled with a 
gold or latex nanoparticle. However, introduction of a label such as a nanopar- 
ticle partially defeats the purpose of using label-free transduction methods in 
the first place. 
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2 . 2.2 

DMA and mRN A Analysis 

As mentioned previously, high density DNA/RNA microarrays have been 
extensively used in conjunction with confocal microscopy for clinical diag- 
nostics and screening. There is currently only one example of measuring DNA 
or mRNA hybridization between complementary strands using interferom- 
etry [34]; however, the process has become increasingly studied using planar 
waveguide TIRF [76, 81, 88]. Duveneck et al. [81] coupled 16-mer oligonucle- 
otides to functionalized tantalum pentoxide waveguides and studied the spe- 
cific binding of Cy5-labeled complementary oligonucleotides using TIRF. The 
system demonstrated good stability and excellent signal reproducibility dur- 
ing repeated cycles of binding and regeneration with 50% urea. Budach and 
co-workers [88] immobilized two different 5’-amino-terminated oligonucle- 
otides in a checkerboard pattern on tantalum pentoxide waveguides using ink- 
jet printing. One of the Cy5-labeled complementary oligonucleotides was then 
passed over the waveguide surface and the fluorescent signal intensity of the 
spots monitored. There was no measurable cross-reactivity between the non- 
complementary oligonucleotides, and detection limits of 50 fM were achieved 
for each analyte. The surface was regenerated numerous times, using urea, 
without any apparent loss in activity. Schuderer et al. [76] opted to immobi- 
lize biotinylated 18-mer oligonucleotides onto glass surfaces functionalized 
with adsorbed avidin using a flow cell assembly; this would allow the immo- 
bilization of different capture biomolecules to the same waveguide should it 
be required. The fluorescein-labeled complementary oligonucleotide was then 
passed over the surface and the fluorescent signal intensity in each channel 
monitored using a single photomultiplier, which was scanned over the sur- 
face. Detection limits ranged between 3 and 10 fmol with surface regenera- 
tion achieved using sodium hydroxide. The main disadvantage to this system 
was the need to scan the detector over the surface, making it unreliable for the 
determination of fast binding kinetics. 

The use of DNA biosensors for both environmental monitoring and the detec- 
tion of BW agents, using mainly electrochemical transduction mechanisms, has 
been reviewed in the literature [20, 83]. However, the optical transduction sys- 
tems described above have so far looked at simple DNA hybridization, between 
an immobilized strand and its fluorescently labeled complement, and have not 
as yet considered environmental applications for such systems. 

2.2.3 

Membrane Receptor-ligand Interactions 

Ligand binding to receptors other than antibodies and DNA has been much less 
studied in the literature. Currently, only a limited number of studies describ- 
ing receptor-ligand binding using planar waveguide TIRF have been published. 
Schmid et al. [89, 90] immobilized the green fluorescent protein (GFP) and sero- 
tonin receptor, Rowe-Taitt et al. [91] studied gangliosides as receptors and Paw- 
lak et al. [82] investigated the membrane enzyme Na,K-ATPase in membrane 
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fragments. One major problem with studying receptor-ligand binding has been 
the immobilization of the receptor protein such that it remains active on the 
surface. When successful, receptor-ligand binding studies offer applications in 
the pharmaceutical industry for drug development, for investigating membrane 
processes and also in environmental monitoring applications, as demonstrated 
by Rowe-Taitt et al. for cholera toxin [91]. 

2.3 

Immobilization of the Biomolecule to the Transducer 

One important prerequisite for all immobilization techniques is that the integ- 
rity of the biomolecule be preserved and that the active site remain accessible to 
the binding partner. There are various methods by which the biological compo- 
nent of a biosensing system can be immobilized onto the surface of the trans- 
ducer, including physical adsorption, covalent immobilization, and entrapment 
in polymer matrices [1]. Physical adsorption and covalent binding to function- 
alized surfaces are the most commonly used in TIRF and interferometry meas- 
urements. Adsorption of a biomolecule to a surface under physical processes 
occurs via dipole-dipole interactions, van der Waals forces or hydrogen bond- 
ing, depending on the nature of the substrate surface and the adsorbate. Physical 
adsorption is the simplest method to perform and has been successfully used 
in a number of interferometric studies. Schipper et al. [32] adsorbed anti-hCG 
antibody directly onto an 02-plasma cleaned Si3N4 waveguide for detection of 
hCG. The same group later used physical adsorption to immobilize a BSA-atra- 
zine complex, but further enhanced the interaction by functionalizing the Si3N4 
waveguide with dichlorodimethylsilane to increase hydrophobicity [33, 35]. 
Unfortunately, physical adsorption in general is not only strongly influenced 
by changes in the ambient conditions, such as pH and the solvent used, but may 
also be a reversible process. Furthermore, adsorption may not provide as high 
a density of immobilized biomolecules as covalent immobilization [92]. Physi- 
cal adsorption is generally nonspecific, random and multi-orientated in nature, 
often resulting in the inaccessibility of the active binding site. 

Covalent immobilization provides surfaces with reproducibly attached bio- 
molecules at relatively high densities (2 ng mm'^) [93]. Most methods of cov- 
alent immobilization involve the activation of the surface (e.g., using silane or 
thiol self-assembled monolayers), followed by covalent linkage of the biomole- 
cule either directly or using a crosslinker. Self-assembled monolayers (SAMs) 
are extensively used in the construction of artificial biomolecular surfaces due 
to the simplicity of preparation and adaptability of the resulting surface chem- 
istry. The surface of the SAM can be engineered by incorporating different 
functionalities into the tail group, such that hydrophobic or hydrophilic sur- 
faces which can undergo further chemical reactions are produced. The use of 
SAMs in the development of biosensors and biosurfaces has been reviewed by 
a number of groups [94-96]. Although most research has been concerned with 
the immobilization of biomolecules onto noble metal surfaces, typically for SPR 
studies, an increasing number of groups are interested in the use of glass sub- 
strates for immobilization [93, 97-100]. 
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There are a number of different planar surfaces used in the immobiliza- 
tion of biomolecules for study with TIRF and interferometry. These include 
simple bulk waveguides such as glass, silica and polystyrene, and the slightly 
more complicated lOW waveguides such as tantalum pentoxide (Ta 205 ). There 
are, likewise, a variety of different surface chemistries used to modify these 
waveguides in order to facilitate biomolecule immobilization. Silanization of 
the waveguide, whether it be the bulk glass or an integrated optical waveguide, 
is a popular method of functionalizing the surface for further chemistry, wheth- 
er physical [33, 35, 72] or covalent [34, 36, 80] in nature. For example. Plowman 
et al. [72] functionalized a silcon oxynitride lOW with dimethyldichlorosilane 
to which an antibody was then directly adsorbed for study with TIRF. Schneider 
and co-workers [34] modified a silicon nitrite waveguide with 3-glycidoxypro- 
pyldimethylethoxysilane (GOPS). The GOPS was then oxidized to form surface 
aldehydes which then underwent reductive amination coupling with either avi- 
din or anti-salmonella antibody and the resulting surfaces studied using inter- 
ferometry. The avidin-biotin interaction is also extensively used in the immobi- 
lization of biotinylated molecular recognition elements. This noncovalent pro- 
tein-ligand interaction is commonly used either via the physical adsorption of 
avidin onto the surface [67, 71, 73, 76, 101] or in the production of multi-layers; 
often involving the use of both covalent and noncovalent interactions [34, 36, 
84,102]. 

The study of receptor-ligand binding has meant the careful immobilization 
of the receptor protein, which is often membrane bound in its natural environ- 
ment, such that the sensor surface mimics this environment ensuring that the 
receptor remains active [82]. VogePs group [89, 90] successfully immobilized 
fully functional GFP and serotonin receptors onto planar waveguides in defined 
orientations. GFP and serotonin were genetically modified to contain poly-his- 
tidine (his) tags at the C- and N-termini, respectively. These tags bound spe- 
cifically to waveguides coated with thiosilane and nitrilotriacetic acid (NTA)- 
bound metal ions; the his-tagged protein binding was reversible. Activity of the 
immobilized serotonin receptor was demonstrated through binding of a fluo- 
rescent ligand and competitive binding studies [90]. Pawlak et al. [82] creat- 
ed multi-layers on top of the planar waveguide. First, a long-chain alkyl phos- 
phate monolayer was used to make the metal oxide surface hydrophobic. Lipid 
vesicles were then adsorbed onto the monolayer to form a lipid film. Membrane 
fragments containing the ATPase were finally adsorbed onto the lipid biolay- 
er for use in a fluorescence quenching assay. Rowe-Taitt et al. [91] immobilized 
gangliosides as receptors for toxins by immobilizing a long-chain alkyl silane to 
create a hydrophobic surface for adsorption of the ganglioside; presumably the 
fatty acid tail of the ganglioside intercalated into the silane film. The resulting 
receptor immobilization was quite stable to rinsing, dehydration and rehydra- 
tion. Both direct binding and sandwich assays using different gangliosides pat- 
terned on the waveguide were demonstrated. 
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2.4 

Creation of Low Density Biomolecular Arrays 

The evanescent wave excitation of a surface-bound fluorophore has been studied 
for two decades in the form of fiber optic technology. A number of the research- 
ers currently involved in developing planar waveguide TIRF previously carried 
out much of their initial research in the field of fiber optics. Planar waveguides 
offer a number of advantages compared to fiber optic technology, including the 
relative ease of preparation and integration into fluidic systems. Researchers in 
the field have immobilized capture biomolecules uniformly over the planar sur- 
face and monitored the fluorescent signal intensity either as a function of time 
or the concentration of the labeled binding partner [73, 74, 81, 82, 101]. 

The most important advantage of using a planar waveguide is the possibili- 
ty of creating patterns of immobilized biomolecules leading to multiple, paral- 
lel assays on a single waveguide. A number of techniques have been used in the 
creation of patterned biomolecular assemblies on planar surfaces as reviewed 
by Blawas and Reichert [103]. In terms of fluorescence studies, the production 
of these patterned surfaces has been investigated using either the fluorescence 
microscope or TIRF instrumentation. The patterns are typically created either 
by using photolithography or by depositing the recognition molecules in physi- 
cally separate locations on the waveguide. 

A method for the photolithographic patterning of proteins on surfaces was 
described by Bhatia et al. [104, 105]. Ultraviolet light was used to pattern (3-m 
ercaptopropyl)trimethoxysilane on a glass surface. Exposed regions of the sur- 
face became protein resistant through the conversion of the thiol group to a 
sulfonate species, while the masked areas were subsequently used to bind the 
biomolecule. This proved to be a convenient method of creating high resolu- 
tion patterns (less than 10 pm in width) of immobilized capture biomolecules. 
Unfortunately, this method had the disadvantage that only a single biomolecule 
could be patterned. 

Photopatterning of the surface has also been utilized by Schwarz and co- 
workers [106]. Here photoablation of polymer substrates was used to produce 
avidin patterns on the exposed substrate. Likewise, Wadkins et al. [107] used 
glass slides coated with a photoactivated optical adhesive and a mask to create 
wells in the gel layer upon light exposure. A different biomolecule could then 
be covalently attached to the exposed glass in each well. A similar method was 
adopted by Guschin et al. [108] and Arenkov et al. [109] for the immobiliza- 
tion of oligonucleotides; however, the biomolecules were immobilized to the gel 
pads rather than the glass. Blawas and co-workers [110] used the caged-biotin- 
bovine serum albumin (BSA) compound, methyl a-nitropiperonyloxy-carbon- 
yl-biotin-BSA, to pattern glass surfaces. First, caged-biotin-BSA was adsorbed 
onto the glass slide. Secondly, the slide was exposed to 353 nm light through a 
mask, which effectively removed the cage surrounding the biotin in unmasked 
areas. Thirdly, streptavidin was selectively bound to the irradiated regions of 
the surface. Finally, biotinylated capture antibody was bound to the streptavi- 
din. The disadvantage of this method is that there was some cross-contamina- 
tion of the first immobilized streptavidin with the biotinylated antibody intend- 
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ed for immobilization to a streptavidin bound in a second or third repetition of 
the process. 

Two additional methods of photolithographically patterning proteins on pla- 
nar waveguides use polyethylene glycol (PEG) moieties to prevent nonspecif- 
ic protein adsorption. In the method developed by Conrad et al. [Ill, 112], the 
photochemically active silane, o-nitrobenzyl polyethylene glycol trichlorosi- 
lane, was attached to a glass waveguide. Photo-oxidation of the PEG-terminated 
silane through a mask cleaved the carbamate to yield an amino-terminal PEG 
and a surface-bound o-nitrosobenzaldehyde. The antibody reacted with the o- 
nitrosobenzaldehyde in a Schiff’s base reaction, forming a stable amide link- 
age. The process was repeated for the addition of different antibodies to addi- 
tional spots on the waveguide. Similarly, Liu et al. [113] tethered a benzophe- 
none photophore through a PEG spacer to a maleimide group. After exposure 
to light, antibodies were immobilized and an assay conducted on the polysty- 
rene waveguides. Spacer lengths of five ethylene glycol groups proved optimal 
for maximizing the signal-to-background ratio. 

The use of ink jet printing is another popular choice for the production of 
patterned biomolecular surfaces. Silzel et al. [71] ink jet printed either the cap- 
ture antibodies or avidin in 200 pm diameter zones on the surface of polysty- 
rene waveguides. Biotinylated antibodies were later immobilized on the avidin 
spots. A checkerboard pattern of two different oligonucleotides was produced 
by Budach and co-workers [114] using the ink jet printing of capture biomole- 
cules onto a Ta20s waveguide using (3-glycidoxypropyl)trimethoxysilane. 

Physically isolated patterning using flow cells constructed from a variety of 
materials, including polydimethylsiloxane (PDMS) [70], a rubber gasket [72], a 
Teflon block fitted with 0-rings [76] and a microfluidics network made of sili- 
con [1 15], have been used. Typically the flow cell, containing a number of chan- 
nels, was temporarily attached to the surface of the planar waveguide and each 
channel filled with a solution of the capture biomolecule, as shown in Fig. 4A. In 
this example [70], the resulting waveguide was patterned with stripes of immo- 




Fig.4. The patterning of capture biomolecules using flow cells (adapted from [70]). A) A 
multichannel flow cell is pressed onto the planar waveguide and each channel filled with a 
solution of the capture biomolecule. B) Sample and fluorescent tracer antibody are passed 
over the waveguide surface perpendicular to the immobilized capture biomolecule chan- 
nels using a second flow cell. 
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bilized biomolecules (Fig. 4B). The sample and fluorescently labeled antibody 
were then passed over the surface using a second flow cell orientated perpendic- 
ular to the immobilized capture biomolecule channels, as shown in Fig. 4B. The 
beauty of the physically isolated patterning technique is its ability to immobilize 
a number of different capture biomolecules, i.e. one type in each flow cell chan- 
nel, onto a single surface, creating an array of recognition sites with no possibil- 
ity of cross contamination. The main disadvantage of this approach is the diffi- 
cultly in scaling up the process for manufacture of large numbers of waveguides. 
Yet it is easy to use for investigations with no special photolithographic or array- 
ing equipment required. 

3 

State of the Art 

As described in the previous sections, much of the initial investigation into the 
use of planar waveguides in TIRF biosensors has centered on both instrumen- 
tation development and reproducible immobilization of the capture biomole- 
cules. However, once these systems have been optimized, the question of appli- 
cation becomes the driving force behind further development. Due to the vast 
number of biological systems which respond to a variety of analytes, the number 
of potential applications for biosensors in general is extensive, including medi- 
cal diagnostics and healthcare, environmental monitoring, process monitoring 
in the chemical, food and beverage industries, and military defense. However, 
this chapter will deal with array biosensors developed specifically for environ- 
mental monitoring of pollutant species and BW agents. 

A number of studies have investigated the use of a single capture biomole- 
cule-analyte assay. Brecht et al. [74, 78] have developed TIRF immunoassays for 
the detection of atrazine, 2,4-dichlorophenoxyacetic acid and simazine in water; 
such a design has multi-analyte biosensing potential although these have not 
as yet been demonstrated. Schipper and co-workers [33, 35] have developed an 
atrazine biosensor for detection in water based on interferometric transduction. 
Schneider et al. [34, 36] have discussed multi-analyte detection using their inter- 
ferometric instrumentation, but as of yet have only demonstrated single analyte 
detection for a number of species including hCG, influenza A virus. Salmonella 
typhimurium and DNA hybridization. 

As previously stated, one of the major advantages of using a planar substrate 
is the ability to create arrays of different capture biomolecules for multi-analyte 
sensing. It is the development of this multi-analyte microarray technology that 
will give the resulting biosensor the edge over a number of current laborato- 
ry based measurements. There are to date at least five research groups involved 
in the immobilization of patterns of multiple capture biomolecules onto planar 
waveguides (Table 1), although only three of these groups have demonstrated 
multi-analyte measurements. 

Zeller and coworkers [120] have developed a unique TIRF system in which 
the planar waveguide consists of multiple, single pad, sensing units. Each of 
these single pads has its own laser light input, background suppression, and 
coupling of the fluorescence emission to the detector. The authors demonstrat- 
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Table 1 . Summary of research groups currently involved in 
terning 


multi-capture biomolecule pat- 


Research group/ 
Technique 


Analytes measured 


Single- or 

multi-analyte 

detection 


References 


Schneider et al. 
Interferometry 


hCG, influenza A virus, S. typhimurium, 
DNA oligonucleotides. 


Single 


34 


Ligler et al. 


Ricin, Y. pestis FI, 


Single and 




TIRE 


staphylococcal enterotoxin B, oval- 
bumin, mouse and human IgG, D-dimer, 
B. globigiU MS2 bacteriophage, cholera 
toxin, botulinum toxoids A and B, 

B. anthracis, F. tularensis, B. abortus 


Multi 


64, 70, 84, 

85,91, 

116-119 


Silzel et al. 
TIRE 


Four different human IgG subclasses 


Multi 


71 


Plowman et al. 


Various IgG 


Single and 




TIRE 


c. kinase MB 
c. troponin I 
myoglobin 


Multi 


72 


Budach et al. 
TIRE 


16-Mer and 22-mer oligonucleotides 


Single 


114 


Zeller et al. 
TIRE 


Mouse and rabbit IgG 


Single 


120 



ed a two-pad sensing device in which one pad was modified with mouse immu- 
noglobulin (IgG) and the other with rabbit IgG. However, only one Cy5-labeled 
antibody directed against each immobilized antigen was assayed at a time. It 
was suggested that the laser light could be split into spatially different parts in 
multi-analyte measurements, using multiple single sensing pads. Such a proc- 
ess would probably involve a number of optical components, and therefore the 
robustness of the system for use outside the laboratory is still in question. 

Experimental design is an important consideration when carrying out mul- 
ti-analyte studies in terms of careful choice of capture biomolecule such that 
cross-reactivity is limited. The performance of single and multiple analyte 
assays was compared by Plowman et al. [72] using IgGs of different species 
and antibodies specific for cardiac proteins (creatin kinase MB, cardiac tro- 
ponin I and myoglobin). Studies also investigated the effects of using polyclo- 
nal versus more specific monoclonal antibodies during assays. Results suggest 
that polyclonal antibodies are more prone to cross-reactivity in the multi-ana- 
lyte assay format; therefore, monoclonal antibodies were the capture biomole- 
cule of choice when available. Also, the single analyte assay format was found 
to have lower detection limits than its multi-analyte assay counterpart. Inter- 
estingly, however, a study by Rowe et al. [85] demonstrated the use of mixtures 
of polyclonal antibodies of different species with no cross-species interactions 
observed. Furthermore, the same sensitivity was achieved with mixtures of the 
fluorescent tracer antibodies as with single antibody assays. 
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The long-term aim of most biosensor research is the development of a fully- 
automated instrument geared towards portability and low cost, essential consid- 
erations for environmental monitoring applications. The Naval Research Labo- 
ratory (NRL) group including Ligler, Golden, Rowe-Taitt and coworkers first 
published papers on TIRF studies in 1998 for the detection of three analytes, 
ricin. Yersinia pestis FI and staphylococcal enterotoxin B (SEB) [64]. In this par- 
ticular study, the antigens and the Cy5 tracer antibodies were added sequential- 
ly and the slide imaged. Later the use of a PDMS flow cell for the patterning of 
capture biomolecules was developed and the immunoassay which was run prior 
to imaging was carried out using a fixed polymethylmethacrylate (PMMA) flow 
cell aligned perpendicular to the patterned antibody channels [116]. Not only 
was simultaneous detection of analytes demonstrated, but Y. pestis FI was also 
detected in clinical fluids such as whole blood, plasma, urine, saliva and nasal 
secretions. This study was further extended in 1999 to the measurement of SEB 
and D-dimer in clinical fluids, all with detection limits suitable for clinical anal- 
ysis requirements [84]. 

Studies which evaluate potential matrix interferents are essential not only 
for system development but are also a requirement if the instrumentation is to 
make the transition into commercial applications. The impact of potential envi- 
ronmental interferents was therefore also addressed [119]. Analyte samples of 
Bacillus anthracisy Francisella tularensis LVS, Brucella abortus, SEB, cholera tox- 
in and ricin were assayed in the presence and absence of interferents such as 
sand, clay, pollen, and smoke extracts, and results were compared. No false pos- 
itive or false negative responses were caused by the potential interferents; how- 
ever, in some cases the signal amplitude was affected. 

During multi-analyte assays for SEB, Y pestis FI and D-dimer, the room tem- 
perature CCD camera was replaced with a thermoelectrically cooled version, 
which resulted in a reduction of the background due to noise fluctuations [117] 
and an observed decrease in the limit of detection from 5 ng/mL [64] to 1 ng/mL 
for SEB [84]. Another variation on previous experiments was the use of a tem- 
porary, removable PDMS flow cell in the immunoassays as compared to the per- 
manently mounted PMMA flow cell. In order to further develop the array tech- 
nology, an automated image analysis program was developed and some of the 
optical and fluidic components were miniaturized [70]. To test the ability of the 
array biosensor to measure three diverse classes of analytes, assays were car- 
ried out using bacterial, viral and protein analytes [85]. Single or multi-analyte 
samples were run though the assay channels followed by either individual Cy5- 
labeled tracer antibodies or a mixture of polyclonal tracer antibodies. The array 
biosensor was used in the study of 126 blind samples and the automated image 
analysis proved reliable in the discrimination of fluorescent signals, with detec- 
tion limits in the mid ng/mL range, equivalent to ELISA results using the same 
antibodies. Assays which used mixtures of fluorescent antibodies gave the same 
results as those in which the fluorescent antibodies were run individually. The 
approach using mixtures of tracer antibodies was later extended to monitor the 
six biohazardous analytes B. anthracis, F. tularensis, B. abortus, botulinum tox- 
oids, cholera toxin and ricin, demonstrating simultaneous analysis of six sam- 
ples for six analytes in 12 min. [118, 119]. 
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4 

Miniaturization and Automation of Array Biosensors 

For environmental applications, it is important that the biosensor be fully auto- 
mated, stand alone and be portable; therefore recent studies by the Ligler group 
have concentrated on realizing this goal. This has involved miniaturization of 
the optics and the combination of an automated fluidics system with an auto- 
mated image analysis program [70, 79, 1 18]. The waveguides used for array bio- 
sensors are inherently small, generally the size of a 1 x 3 in. microscope slide or 
smaller. It is not the sensing component itself that limits the minimum size and 
weight of the biosensor, but the associated optics and automated fluidics sys- 
tem. To date, the smallest biosensor reported in the literature is a fully automat- 
ed system that fits into a tackle box (Fig. 5) and weighs 16 kg [121]. Miniaturi- 
zation of the fluidics made this portable device possible, but the electronics and 
optics are still a bit cumbersome for field use. 

Two inventions made it possible to automate and miniaturize the fluidic sys- 
tem for the array biosensor. The first was a method for attaching flow channels 
to the waveguide without stripping evanescent light from the surface [70, 79]. 
The second invention was an integrated fluidics unit whereby fluid flow was 
controlled using small air valves [122, 123]. To solve the problem of attaching a 
flow cell to the waveguide without perturbing the confinement of the excitation 
light, but still allowing for optimization of the evanescent field in either air or 
water, a unique patterned reflective cladding was developed. This reflective clad- 
ding insulated the waveguide optically from the flow cell, yet allowed the eva- 
nescent excitation of fluorophores within the channels of the flow cell [70]. The 




Fig. 5. Portable array biosensor. The fully automated biosensor includes: a. Pentium com- 
puter with screen (in lid) and removable keyboard (b., not shown); c. diode laser with line 
generator attached to output end; d. Peltier cooled CCD; e. scaffold containing emission fil- 
ters and GRIN lens array and supporting the waveguide over which a flow channel and flu- 
idics cube (not shown) are attached; f. three two-channel peristaltic pumps; g. small air 
valves; and h. laser power supply 
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A. Top View 



B. Side View 



Flew Cell 




Fig. 6. Silver cladding stenciled onto the waveguide prevents stripping of evanescent light 
into the flow channels at the point of contact (adapted from [70]). 



pattern of the reflective cladding, shown in Fig. 6, covered the area where a six- 
channel flow cell made contact with the waveguide. The rest of the waveguide 
surface was left unclad, and the array of biomolecules was subsequently immo- 
bilized on the exposed glass. The cladding was deposited using vacuum depo- 
sition through a metal mask, which acted like a stencil and allowed only select- 
ed areas to be coated. The silver-based cladding consisted of three layers: a thin, 
transparent dielectric material to promote adhesion, a silver film for reflectance, 
and a thin chromium film to protect the silver from dissolution in the saline 
buffers required for bioassays [79]. The comparison of the signal loss due to 
flow cell attachment for assay elements patterned onto the clad and unclad pla- 
nar waveguides was impressive. The results from fluorescence immunoassays 
using 100 and 500 ng/mL of a protein toxin indicated a 90% decrease in sig- 
nal after the flow cell was attached for the unclad waveguides. The silver-clad 
waveguides, by comparison, maintained 85-90% of their signal for the same 
assays after attachment [70]. 

In order to process fluids automatically over the waveguide, pumps and 
valves are required in addition to the flow channel component. Reservoirs may 
be needed to contain samples, buffers, and/or tracer reagents. In general, these 
pumps, valves, and reservoirs are cumbersome and the attachment points for 
the connecting tubing are susceptible to leakage. Furthermore, valves and other 
constriction points tend to clog when exposed repeatedly to complex, environ- 
mental samples. In order to reduce the size, weight, and power requirements of 
the fluidic components, the NRL group fabricated layered fluidic systems in plas- 
tic. Initial fluidic components could be designed, milled in polycarbonate sheets, 
assembled and tested. Once a design was optimized, the component could be 
produced inexpensively and in large quantities by injection molding. The most 
unique feature on these plastic fluidic cubes was that the fluid flow from multi- 
ple reservoirs through the flow channels could be regulated using a few tiny air 
valves. As depicted in Fig. 7A, groups of reservoirs (2 of 6 shown in this figure) 
were connected to a single air valve though a gasket across the top of the group 
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Fig. 7. A) Schematic of a portion of the fluidics cube. Groups of reservoirs (two reservoirs 
shown here out of a group of six actually fabricated) are connected at the top by conduit 
leading to a single air vent. At the bottom, each reservoir is connected to a J-tube which pre- 
vents release during the filling process. The J-tube empties into a conduit leading to a flow 
channel attached to the planar waveguide. B) The conventional automated fluidics system 
(left) with a 4-way valve, 6-channel pump and six sample reservoirs compared to the flu- 
idics cube attached to the flow channel and waveguide and small valves and pumps (right) 



of reservoirs. The exit from the reservoirs emptied through the flow channels 
across the waveguide. A negative pressure was exerted on the reservoirs using 
a finger-sized peristaltic pump placed after the waveguide. When one air valve 
was opened, the pump would pull the fluid from all reservoirs attached to that 
valve (e.g. all sample reservoirs) through the flow channels and out to waste. 
When the (sample) valve was closed and the 2 ^^ valve was opened, all the res- 
ervoirs containing fluorescent reagents would empty their contents into the flow 
channels. 

Figure 7B shows two fluidic systems. The one on the left uses convention- 
al pumps, valves, and reservoirs. The one on the right uses the fluidics cube, 
attached to the flow channels and waveguide, and associated small pumps and 
valves. The fluidics cube attaches directly to the flow channels and waveguide 
with no intervening tubing. Connections to the plastic block are limited to a 
buffer line, an air line, and two vents, all of which are inserted simultaneously 
through a gasket glued to the top of the cube. 

In order to miniaturize the array biosensor further. Golden and Ligler [77] 
considered the possibility of replacing the CCD with the less expensive alterna- 
tives for image capture, a CMOS camera or a photodiode array. Both would pro- 
vide smaller systems more amenable for portable sensors. The CMOS cameras, 
in particular, would have lower noise than the CCDs. However, careful compari- 
son revealed that the Peltier-cooled CCDs still have an order of magnitude bet- 
ter signal-to-noise ratio than either of the other two imaging systems (Fig. 8). 

The first tackle-box breadboard system included a small Pentium computer, 
which could be replaced by a chip and keyboard once the data analysis was auto- 
mated. Thus in the next version, the Pentium was removed and the data record- 
ed using a laptop computer. In addition to the Pentium with its keyboard and 
screen, the breadboard included a rather large and expensive (ca. $24,000) Pel- 
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Fig. 8. Signal-to-noise ratio (S/N) for the three detection systems. Log plot shows the mean 
fluorescence signal (three data points) divided by the system noise (standard deviation of 
the background signal) for measurements of the fluorescent dye Cy5 in glycerol on a plan- 
er waveguide excited using evanescent excitation light at 635 nm. Shown are: photodiode 
(square, gray), CMOS (circle, dash) and CCD (triangle, dotted) 




Fig. 9. The latest version of the portable array biosensor 
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tier-cooled CCD. While the photon collection capability of uncooled low light 
cameras was sufficient, the backgrounds were too variable for high sensitivi- 
ty measurements. Recent advances in CCD technology have made it possible to 
replace the original CCD with a smaller, lighter, cheaper (ca. $7,000) CCD; for 
applications requiring less sensitivity, even smaller, cheaper, uncooled CCDs are 
now adequate. Furthermore, the “fire wire” technology used in the new CCD 
cameras eliminates the requirement for a specialized data interface board, sim- 
plifying the electronics. 

Currently, the NRL group has assembled a smaller array biosensor for envi- 
ronmental monitoring and is in the process of optimizing its operation. It uses 
a relatively small, inexpensive CCD, the fluidics cube, and the small pumps and 
valves (Fig. 9). Image display and analysis are performed using a laptop compu- 
ter (not shown). The device fits into a tackle box which is about 1/3 the size of 
the previous version and weighs only 5.5 kg. 

5 

The Future 

The use of planar waveguide TIRF for the detection of multiple analytes has 
clearly been demonstrated as well as the ability to miniaturize the instrumenta- 
tion making it the most promising of the devices mentioned for real-time field 
monitoring. The benefit of spatially distinct sensing regions is enabling these 
systems to gain advantage over single-analyte sensing systems, particularly in 
terms of environmental monitoring. The speed of signal transduction and rela- 
tive resistance to matrix effects and other interfering influences, which are often 
problematic for interferometric and SPR transduction methods, are two key 
advantages of planar waveguide TIRF biosensors. There are a number of areas 
which can be exploited in the development of planar waveguide TIRF to further 
enhance its capabilities. 

The published work using planar waveguides for fluorescence biosensors has 
used only limited types of recognition elements, primarily DNA, antibodies and 
avidin. Studies describing the immobilization and use of different kinds of rec- 
ognition molecules, such as receptors, in planar waveguide TIRF systems are 
limited to a handful of papers [82, 90, 91]. A number of receptors have shown 
promise for use in fiber optic, SPR and resonant mirror sensors [124-128]. The 
methods used in these studies may also prove successful for the immobilization 
of functional receptors to planar waveguides for use in TIRF and interferomet- 
ric biosensors. There are many other membrane receptors which could be stud- 
ied, such as the nicotinic acetylcholine receptor for detection of organophos- 
phate nerve agents. 

The use of nucleic acids for the detection of non-nucleic acid ligands such 
as proteins or small organic molecules is another relatively unexplored field 
(although these systems have been studied with other biosensors). The use of 
DNA aptamers for analyte detection has recently been extended to use in pla- 
nar waveguide TIRF biosensors [129]. Potyrailo and co-workers [129] studied 
the binding of thrombin to a fluorescently-labeled, immobilized DNA aptamer 
by monitoring changes in the evanescent-wave-induced fluorescence anisotro- 
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py. DNA and RNA aptamers can be synthesized for a number of target analytes 
with specificities comparable with the corresponding antibodies [130-132]. 
DNA and RNA aptamers, as well as catalytic DNAs [131], show promise for use 
in planar waveguide biosensors if appropriate capture molecules can be syn- 
thesized. The use of “molecular beacons” could be an interesting development 
in planar waveguide TIRR These systems make use of fluorescent probe-fluo- 
rescent quencher pairs and could be utilized with either the probe and quench- 
er species immobilized on different binding pairs or, as studied by Liu and Tan 
[133], on the same molecule. Liu and Tan synthesized an oligonucleotide such 
that it possessed a stem and loop structure with the 5’ quencher-labeled and the 
fluorophore-labeled 3’ ends in close proximity. Addition of the target DNA sep- 
arated the fluorophore and quencher ends, resulting in an intensity increase of 
the fluorescent signal. 

There are also a number of enzymes, such as oxidases and reductases, which 
react with a variety of clinically and environmentally important analytes. 
Enzymes are used for signal amplification in ELlSAs, but have also been used as 
biological recognition elements in a wide variety of biosensors [134] although 
they have not as yet been utilized as capture biomolecules in planar waveguide 
TIRE studies. Though the majority of enzyme biosensors use an electrode as the 
signal transducer, some biosensors utilize enzymes that produce or consume 
an optically detectable species. Fiber optic systems using a number of lumines- 
cence-generating enzymes have been described [135]. Furthermore, enzymes 
have been used in a number of optical fiber measurements in which the tar- 
get analyte is indirectly determined [136]. Here the enzyme is either labeled or 
co-immobilized with the fluorescent probe. Typically the enzyme activity, upon 
introduction of the analyte, produces changes in the concentration of anoth- 
er species, such as oxygen, water, ammonia, or pH. These changes can result in 
either the increase or decrease in the fluorescence intensity of the probe. For 
example, oxygen quenching of ruthenium fluorescence intensity was the basis 
of a fiber optic glucose biosensor [137]. In addition, a fiber optic sensor for ace- 
tylcholinesterase (AchE) inhibitors utilizes fluorescein-labeled AchE immobi- 
lized onto the surface. Enzyme activity, with its substrate acetylcholine results 
in the production of protons and a quenching of fluorescein fluorescence inten- 
sity [138]. However, to date enzyme-based recognition and detection systems 
have not been used widely in planar waveguide TIRF studies. The limitations of 
using enzyme-based systems in planar waveguide TIRF studies may lie in the 
requirement for a surface-associated fluorophore. Research by Pawlak and co- 
workers [82] may lead the way to immobilizing fully functional enzymatic rec- 
ognition elements. 

Another integral part of biosensor technology is the immobilization of bio- 
molecules to the surfaces of planar waveguides such that they retain activity. 
Most of those mentioned earlier do not control the orientation of the molecule 
on the surface which can affect the sensitivity of the measurement. Biotinyla- 
tion and attachment through an immobilized avidin does permit careful con- 
trol of the number of sites though which the biomolecule is attached. While this 
helps maintain the mobility of a receptor molecule and minimizes steric hin- 
drance, it does not control the location of the attachment site on the molecule. 
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Noncovalent attachment of antibodies via binding by Protein A or Protein G or 
covalent attachment through the carbohydrate side chain limit the attachment 
site to the Fc region of an antibody; thus there is no attachment in the binding 
site. Fab antibody fragments have been linked via the thiol group at the opposite 
end of the molecule from the antigen binding site [139, 140]. The methods for 
preparing antibodies to be immobilized through either the carbohydrate or the 
thiol groups result in a significant loss of antibody during the processing pro- 
cedure but generally produce highly functional surfaces. An additional method 
for controlling the attachment site in a biomolecule is by genetically engineer- 
ing unique attachment sites on the biomolecule’s surface, a technique known as 
site directed mutagenesis [141, 142]. However, this is generally a complicated 
multistep procedure, not altogether favorable from a commercial viewpoint. 

Another process which may reduce the sensitivity of TIRF and interferom- 
etry measurements is nonspecific binding of the target analyte species to non- 
sensing regions of the surface, increasing the background signal. Currently, 
researchers commonly use either BSA and/or polyoxyethylene-sorbitan mon- 
olaurate (Tween 20) to block the surface and minimize nonspecific adsorp- 
tion after immobilization of the capture biomolecule. Another possibility is the 
introduction of monolayers resistant to nonspecific adsorption of proteins in 
the non-sensing regions of the planar waveguide. Monolayers consisting of oli- 
goethylene oxide terminal groups have been found to be highly protein resist- 
ant in SPR [143, 144], TIRF studies [111] and interferometric studies [34, 36]. 
This approach, however, may not prevent nonspecific adsorption to the sensing 
regions of the planar waveguide [111]. 

The power of the larger scale arrays has been demonstrated using both DNA 
chips [13, 14] and antibody chips [15, 16, 145, 146]. Yang et al. recently devel- 
oped a stacked microlaboratory for performing electric-field-driven immu- 
noassays and DNA hybridization assays for target analytes SEB and E. coli [ 145] . 
The developed system consisted of miniaturizated flowcell and fluidics systems, 
with fluorescent images of the microelectrodes recorded using a cooled CCD 
camera coupled with surface illumination via a HeNe laser. However, the final 
fluorescence image of the electrodes was typically recorded separately using 
an epifluorescent microscope. The majority of larger scale arrays are current- 
ly being scanned using scanning confocal microscopy. TIRF biosensors such as 
that of Rowe-Taitt et al. [91] are also sufficiently sensitive to measure such assays 
(unpublished data), but the methods used to deposit the spots in high density 
arrays are currently being improved to attain reproducible surface concentra- 
tions of the capture biomolecules [146]. 

Asanov and co-workers [80] produced an lOW consisting of an ITO layer, 
a transparent conductor, and used it to investigate biotin-streptavidin bind- 
ing. They found that electrochemical polarization of the waveguide dissociat- 
ed the biotin-streptavidin complex effectively regenerating the surface. Regen- 
eration of the surface could be useful for commercial applications as an alter- 
native to disposable substrates, depending on the relative cost of the additional 
system components and the number of times regeneration can be carried out 
without loss of surface integrity. As mentioned previously, successful regener- 
ation of DNA chips has been carried out using urea without apparent loss of 
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activity [81, 88]. lOWs are also found to increase the sensitivity of the system. 
These waveguides are very promising for clinical and drug screening applica- 
tions [19]. However, as pointed out by Feldstein et al. [70], the increased con- 
straints and requirements of the optical components would reduce the robust- 
ness of the system from a commercial point of view, should the device be intend- 
ed for field applications [74]. 

Herron, Christensen and their colleagues [68] developed a molded plas- 
tic device that included both the planar waveguide and the lens for distribut- 
ing the light across the waveguide as a single piece. The array biosensor fluid- 
ics system and flow manifold described by Dodson et al. [122] and Leatzow et 
al. [147], respectively, could also be molded in a single plastic piece. Such plastic 
parts could be integrated along with a molded lens array for focusing the fluo- 
rescent signal onto the image camera and lyophilized fluorescence reagent into 
a disposable sensing element. 

This chapter was concerned with the use of optical array biosensors for the 
detection of environmental pollutants and BW agents and has discussed the 
background, history and current developments in the field. The TIRF technique 
in particular has shown potential in this area. Prototypes exist for an automat- 
ed, stand-alone device which is essential for environmental monitoring appli- 
cations [121]. However, with the continuing development of smaller electron- 
ics and components, such as the CMOS camera currently used in the confo- 
cal microscopy studies of microarrays [148, 149], the potential for even smaller, 
handheld planar waveguide TIRF devices could become reality. Although the 
majority of studies have centered on antibody- antigen type systems, expansion 
of the work concerned with DNA/mRNA and receptor-ligand binding interac- 
tions, as well as expansion into the use of enzymes and other types of recog- 
nition biomolecules could lead to a much wider field of applications. In con- 
clusion, the future looks bright for environmental monitoring using planar 
waveguide TIRF. 
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CHAPTER 15 



Optical Techniques for Determination and Sensing of Hydrogen 
Peroxide in Industrial and Environmental Samples 

Hannes Voraberger 



1 

Introduction 

Hydrogen peroxide (HP) has undergone somewhat of a rebirth in chemical 
industry circles over the last decade. The rather glib explanation for such a ren- 
aissance is that regulatory forces compelled the chemical industry to reduce, 
and in some instances to eliminate, environmental pollution. Since industry has 
learned to employ HP in a safer, more efficient and innovative manner, it can 
substitute many environmentally hazardous chemicals in an environmentally 
protective way. The most important applications of HP in industrial processes 
are summarized in Fig. 1 [1-4]. 

The production of paper, specifically the bleaching step of cellulose pulp, is 
the largest and fastest growing single application of HP. This growth has funda- 
mentally been driven by environmental issues, and a large quantity of new and 
improved technologies have been devised in response to this demand. 

HP, when supplied commercially, is usually stabilized with phosphates and 
tin(IV) compounds. The tin compounds are effective at the product’s natural pH 
via hydro-colloid formation, which adsorb transition metals and reduce their 
catalytic activity in this way. Elevated temperatures and metal impurities tend 
to destabilize peroxygens. Where such conditions are unavoidable it maybe nec- 
essary to employ additional stabilizers, added either to the HP or to the reaction 
mixture separately. For example a 30% HP solution from Merck (Darmstadt, 
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Germany) contains 0.015% Na2H2P20y, 0.01% phosphoric acid and 0.006% 
ammonium nitrate for stabilization [5]. 

HP is also important in many biological processes. It is the product of reac- 
tions catalyzed by a large number of oxidase enzymes. Therefore it is also essen- 
tial in food, pharmaceutical, and environmental analysis. 

Despite the large number of methods described in the literature for the meas- 
urement of HP, the method which is still most commonly used for the quantifi- 
cation of HP in industry is the titration of a sample solution with a reagent such 
as potassium permanganate [6]. Alternative methods can be divided into two 
main groups, namely into spectroscopic and electrochemical, while calorimet- 
ric methods also have been described [3]. 

Titrimetric analysis is the most commonly used and the only standardized 
method for quantification of HP in solution [6]. It is based on titration of HP 
with oxidizing agents such as potassium permanganate, cerium(IV) and potas- 
sium iodide/thiosulfate solutions. The endpoint of the titration can be deter- 
mined amperometrically or by a change in color of the solution, detected either 
visually or photometrically. This method can be used over a wide concentration 
range [7]. 

Electrochemical methods for the determination of HP can be divided into 
amperometric [8-10], potentiometric [11] and conductometric methods [12]. 
Amperometric sensors are of particular interest, since they offer the possibility 
of direct on-line monitoring of HP. However, they suffer from interference from 
other substances, which may also react at the electrode surfaces. For this reason, 
special electrode materials and more complicated indirect measurement sys- 
tems have been developed [12]. 

One such approach is based on a combination of a Clark-type oxygen elec- 
trode with a catalyst placed on the electrode surface [13]. The oxygen generated 
through decomposition of HP is measured and related to the HP concentration. 
In general it can be stated that the problem of measuring oxygen lies in the fact 
that oxygen is always present in the sample solution and its variable background 
concentration has to be compensated for (or measured separately). 

In general, spectroscopic methods for the detection of HP are based on the 
change of optical parameters. Direct spectroscopy detects the absorption of 
light by the analyte itself. This can be done simply with a spectrometer and has 
the advantage that no preparation or chemical reaction is necessary. Indirect 
spectroscopy detects the change in the absorption, fluorescence or chemilumi- 
nescence of a substance caused by its reaction with HP. An alternative approach 
uses an optical oxygen sensor covered with a catalyst membrane the sensor 
detects the oxygen formed by HP decomposition in the catalyst membrane. 
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2 

Direct Spectrometric Measurements of Hydrogen Peroxide 

2.1 

Hydrogen Peroxide in the Mid Infrared (Wavelength Range: 2.5-20 pm) 

Recently, mid-infrared based optical sensor systems have gained increased 
importance due to the development of portable and compact instrumenta- 
tion [14, 15]. The mid-infrared (MIR) spectral region considered from approxi- 
mately 2.5-20 pm (4000-500 cm'^ is particularly attractive for optical sensing, 
as molecule-specific information can be directly obtained due to the stimula- 
tion of fundamental vibrational modes. However, optical spectroscopic compo- 
nents in the mid infrared are restricted to a few materials like ZnSe, Cap 2 or Ge, 
because many materials are not transparent to mid infrared radiation (e.g. glass 
and quartz). 

In the vapor state hydrogen peroxide (HP) shows some characteristic vibra- 
tions in the mid infrared region [16]. These can also be found in the spectrum 
of aqueous HP solutions in slightly different wavelength ranges [17]. In Fig. 2 
transmission spectra of aqueous HP solutions using two Cap 2 disks as transmis- 
sion windows display two additional absorption peaks compared to the spec- 
trum of pure water. These two peaks are located at the shoulder of water bands, 
but are nevertheless clearly separated from the water peak. 

Probing a liquid sample for quantitative evaluation is particularly facilitat- 
ed using attenuated total reflection (ATR) and the resulting evanescent field, 
derived from the general principle of internal reflection spectroscopy (IRS) first 




Wavenumber [cm’^] 

Fig. 2. Comparison of spectra of water (straight line) and aqueous HP solutions containing 
10 % (dotted line) and 20 % (dashed line) (w/w) HP in the mid-infrared spectral region 
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Fig. 3. Spectra of aqueous solutions of HP in varying concentrations after the subtracting 
water background (waveguide: ZnSe, temperature: 20-23 °C) 



described by Fahrenfort and Harrick [18,19]. Interaction of incident and reflect- 
ed light creates an exponentially decaying evanescent field, which penetrates, to 
a certain wavelength-dependent extent into the adjacent medium probing the 
analyte at the exterior of the waveguide. 

Related spectra of HP recorded with ATR spectroscopy using a ZnSe crystal 
surface in contrast to transmission measurements are displayed in Fig. 3. As the 
water background spectrum is already subtracted from these spectra, the result- 
ing bands are characteristic of HP. Figure 3 clearly shows a dependence of the 
area and the height of the bands on the HP concentration. Both figures show the 
0-H stretching vibration (2930-2680 cm"^) and the 0-H deformation vibration 
(1530-1260 cm'^) of HP, which correspond to spectra of HP vapor reported in 
the literature [16]. 

Specific bands of HP evidently display a dependence on the concentration of 
aqueous HP solution. Therefore, evaluation of area and height of the absorp- 
tion bands was performed in order to establish calibration functions. Figure 4 
demonstrates linear correlation between the concentration of HP and both the 
area and the height of the 0-H deformation vibration (1530-1260 cm‘^. Simi- 
lar results were obtained for the 0-H stretching vibration (2930-2680 cm*^ ). The 
absolute values of the areas and heights, however, differ between these vibra- 
tional modes due to changes in their peak shape. 

Aqueous solutions of HP used in industrial processes (e.g. for bleaching solu- 
tions) contain additives such as bases, acids and salts, as well as stabilizer com- 
pounds and particles from the product (e.g. fragments of bleached material). 
Data obtained for concentrations in the bleaching baths, however, fit the cali- 
bration graphs established with pure HP solutions quite well. In Fig. 5 the cali- 
bration graphs of two industrial samples (i.e. from a bleaching bath for cellulose 
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Fig. 4. Calibration curve for area and height of the 0-H deformation vibration of aqueous 
HP solutions (waveguide: ZnSe, temperature: 20-23 °C) 
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Fig. 5. Height at peak maximum of the 0-H deformation vibrational band (1538-1215 
cm'O of two different bleaching baths compared to the calibration graph of a pure HP solu- 
tion (temperature: 20-23 °C) 
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fiber and a bleaching bath for paper pulp), spiked with HP solutions up to 11% 
by weight, are displayed. The area of the deformation vibration as well as the 
height and the area of the stretching vibration of aqueous HP solutions revealed 
similar results but are not presented here. 
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2.2 

Near Infrared Spectroscopy of Hydrogen Peroxide 

The absorption spectra in the near infrared display overtone and combination 
vibrations whose fundamental vibrations absorb in the mid-infrared region. 
The near-infrared region, 0.7 to 2.5 pm (wavenumber ca. 4000-14000 cm'^), 
is more akin to the ultraviolet and visible regions with respect to pathlength 
than to the “normal” infrared region, in that cells with longer pathlength are 
employed. Such cells are easier to clean, more robust and (being made of glass 
with quartz windows or of silica) not attacked by water. Furthermore, immer- 
sion probes connected with fiber optics can be employed, allowing on-line mon- 
itoring of HP. Since the bands in this region are of the combination and overtone 
band type, the pathlength of the sample must be increased in order to exam- 
ine successfully the higher frequency part of the range (pathlength: 0.1-10 cm 
depending on the part of the spectrum of interest). 

The bands in the NIR are very broad and consequently overlap each other 
quite often. Hence, specific bands as found in mid-infrared spectra appear as 
shoulders in near-infrared spectra. As a result, quantitative evaluation is more 
difficult and requires more experience than for mid-infrared spectroscopy and 
is normally based on chemometric methods. 

Two very weak bands occur in regions with very high wavenumbers for gas- 
eous HP (10,283.7 and 10,291.1 cm ^ [16]. Interestingly, the spectra of aqueous 
HP solutions seem to display three specific shoulders for HP at lower wavenum- 
bers. The first is between 4500 and 5000 cm'h the second between 5400 and 6600 
cm'^ (see Fig. 6; spectra recorded in a 0. 1 cm cuvette) and the third between 8400 
and 8700 cm'^ (not displayed). 

Spectra are influenced not only by the varying HP concentration but also by 
temperature, ionic strength and other parameters of the sample matrix. Conse- 




Fig. 6. Spectra of different HP solutions in the region of 4000-7500 cm' ^ (temperature: 
25 °C) 
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Fig. 7. Comparison of the values predicted with the chemometric model developed for 
samples from a paper mill with the actual values 

quently, the development of a reliable method for the determination of HP in 
industrial sample solutions using near infrared spectroscopy requires the appli- 
cation of chemometric techniques, which has yielded very promising results for 
different industrial applications. 

In Fig. 7 the effectiveness of a chemometric model developed for applica- 
tion in a paper mill is displayed. The values predicted with this model are plot- 
ted against the actual ones. The model was developed with a set of 41 spectra of 
pure HP solutions at different temperatures, ionic strength, pH and a number 
of spectra from a paper mill, spiked with different amounts of HP. The generat- 
ed model has a correlation coefficient of 0.99997, a mean standard error of pre- 
diction of 0.0057 and a standard error of prediction of 0.076. This model, how- 
ever, is only valid for this specific application (i.e. the specific production step 
in the paper mill where the sample originated). For other applications the basic 
model must be tailored by adding characteristic spectra of the specific applica- 
tion to the model. 



2.3 

Ultraviolet Spectroscopy of Hydrogen Peroxide 

In the ultraviolet (UV) range HP shows a continual increase in absorption with 
decreasing wavelength. This is used for some biochemical applications where 
a change in HP concentration is followed by monitoring a certain absorption 
band in the UV (e.g. determination of activity of the enzyme catalase) [20]. 
There chemical reactions are monitored in a well defined matrix. However, the 
UV spectrum of HP displays a lack of selectivity for industrial or environmen- 
tal samples, the scope of this report, because other species absorbing in the UV 
cannot be excluded. 
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3 

Indirect Spectrometric Measurements of Hydrogen Peroxide 



3.1 

Introduction 

Indirect spectroscopy detects the change in the absorption, fluorescence or 
chemiluminescence of a substance caused by its reaction with hydrogen per- 
oxide (HP) or one of its derivatives. Normally, a dye or a precursor of a dye is 
mixed with a catalyst and added to the sample. The catalyst decomposes HP, 
forming a hydroxyl radical in the first step. This hydroxyl radical is the reactive 
species which reacts with the dye. Catalysts used include hemoproteins such 
as horseradish peroxidase and porphyrins. Other substances, which do not act 
as catalyst, can also be used for the formation of the hydroxyl radical, a typical 
example is iron(II) ions which are oxidized to iron(III) ions. 

While direct spectroscopic assay is performed in cuvettes, flow-through cells 
or immersion probes in processes, additional measurement techniques, such as 
Flow Injection Analysis (FIA), test strips and sensors are employed for indirect 
spectroscopic detection of HP. 

The simplest detection method is to mix the required substances in a cuvette, 
allow time for the reaction to occur and measure the absorption, fluorescence 
or chemiluminescence in a spectrometer. This procedure can be automated by 
using FIA. FIA uses the same principle as the cuvette method but the sample is 
introduced into a flow system where the reagents are added automatically. The 
solution flows through a reaction coil and finally passes a detector. In test strips 
reagents are immobilized on a carrier. Such test strips can only be used once. 

A sensor system, in contrast, measures a reversible change in absorption or 
fluorescence. The reversible chemical reaction takes place in a so-called sensi- 
tive layer, consequently no addition of chemicals is necessary. 

Indirect spectroscopic methods for analysis of HP depend strongly on the 
pH and the ionic strength of the solution. This results from the dependence of 
a dye's absorption on these parameters. Many of the dyes are acids which can 
be deprotonated by changing the pH, so it is often necessary that measurements 
are performed in buffered solutions. A problem reported to affect the analysis 
of HP arises from the presence of reductive substances such as ascorbic acid or 
bilirubin which cause negative errors [20]. 

Most of the published indirect spectrometric methods are based on one of 
the following main principles: 

- Formation of a dye via an oxidative coupling reaction 

- Formation of a dye by oxidation of leuco dyes 

- Formation of a colored or fluorescent complex 

- Destruction of a dye 

- Chemiluminescence 

- Indirect measurement via oxygen and chemiluminescence quenching 
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3.2 

Formation of a Dye by Oxidative Coupling Reaction 



Formation of a dye by oxidative coupling reaction is the most commonly used 
indirect spectroscopic method. Therefore, methods using different catalysts or 
reagents have been reported for a wide range of concentrations and applica- 
tions. In all these methods, the main step is an oxidative coupling reaction sim- 
ilar to the one shown in Fig. 8. 

These oxidative coupling reactions can be mediated either by light, as shown in 
Fig. 8, or by a catalytic reaction with horseradish peroxidase or related molecules. 
Since horseradish peroxidase is rather expensive and has a poor stability (it can 
be stored at 4 °C for one month approximately) attempts have been made to find 
a substitute. The most promising substitute is magnesium tetrakis(sulphophenyl) 
porphyrin (MnTPPS 4 ) which shows similar characteristics to horseradish perox- 
idase in HP decomposition but is stable and cheaper. In order to be able to reuse 
MnTPPS 4 it can be physically adsorbed on an anionic exchange resin [23]. 

Many reagents for this type of oxidative reaction have been reported. In gen- 
eral, however, they can be divided into three types: 

- Aromatic compounds with nitrogen in the aromatic system 

- Anthraquinone derivatives which are sulfonated [24] 

- Hydroxyphenyl acids 




Fluorophore 

Fig. 8. Formation of a fluorophore by photomediated oxidative coupling reaction [22] 




Table 1 . Reactions to form fluorophores by oxidative coupling 
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4-Aminoantipyrine X = OH Y = O (Amax = 505 nm) 

X = NEt 2 Y = N+Et 2 (Amax = 550 nm) 




Table 1 . Reactions to form fiuorophores by oxidative coupling 
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Reaction with 4-aminoantipyrine forming a quinonimine dye with X max at Horseradish per- 0-1,2 x 10'^ M 
497 nm oxidase (cuvette) 
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In Table 1 some methods and reaction schemes are summarized. 

Many types of HP assays employ derivatives of these reactants. They have 
been revied by Aoyama [25]. 



3.3 

Formation of a Dye by Oxidation of Leuco Dyes 

The leucoform of a dye is usually colorless, sometimes weakly colored, or dif- 
ferently colored from its oxidized form. The dyes produced in this type of pho- 
tometric determination generally have a very intense color which is quantified 
by absorption spectrometry. Detection methods based on these schemes have a 
lower detection limit, thus facilitating the determination of sub-pM concentra- 
tions of HP. Consequently these methods are used for very low HP concentra- 
tions such as those found in environmental samples of natural waters. 
Examples of such reactions are shown in Figs. 9 and 10. 

The first step in the reaction displayed in Fig. 9 is the so-called Fenton reac- 
tion which forms the reactive species. In the second step the fluorophore is 



(1) H 2 O 2 + Fe2+ ^ -OH +OH-+ Fe3+ 




OH 

Fig. 9. Formation of a fluorophore by addition of a functional group 




Fig. 10. Formation of a dye by oxidation of the leucoform 
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formed. The reported linear range of this method in a FI A is 10'^- 10'^ M HP 
with a detection limit of 2 x 10'^ M {sin = 1) [26]. 

A similar method based on the use of 4-hydroxyphenylpropionic acid and 
horseradish peroxidase has been reported. Horseradish peroxidase is the cat- 
alyst for the first reaction. Here, the horseradish peroxidase is immobilized by 
physical adsorption on PTFE tubing which forms the reaction coil in the FIA. 
The adsorbed peroxidase has been reported to be stable for 7 hours. After this 
time a slow loss of activity took place (during use). The linear range of this assay 
is 1.2 X 10'^-2.4 X 10'^ M with a limit of detection for 2 x 10'^ M HP [27]. 

With the method displayed in Fig. 10 a detection limit of 2 x 10'^ M has 
been achieved for this reaction in a cuvette. The oxidized form of the dye dis- 
plays high stability with absorption remaining over several days; however, the 
dye is influenced by pH (different equilibria between protonated and deprot- 
onated form) and salinity (molar absorption reduced if saline concentration is 
increased) [28]. 

A reaction of the leucoform of the dyestuff Patent Blue Violet has also been 
used for HP quantitative determination. This reaction works over a limited pH 
range 6.3 to 7.3 and displays linearity between 1 x lO'^-l x 10'^ M HP [29]. The 
highly fluorescent resorufin is formed by the oxidation of Amplex Red, a color- 
less and nonfluorescent derivative of dihydroresorufin [30]. 

The leuco form of some methine dyes have also been used for analysis of HP. 
Basically, there are three types of reaction which can result in the oxidized form 
of the methine dye. These are shown in Fig. 1 1. Methine dyes have the advantage 
that they can be fixed by simple adsorption on a carrier material and therefore 
can be used as probes [31]. 



Type 1 : 






X = oxy, thio 
or amino 

Z = carbon atoms 
needed for a 
5 to 10 
membered ring 



Type 2 : 



Y 



G' 




Y = 0X0, thioxo 

G,G'= hydroxy or 
alkyl 



Type 3 : 









R^,R2 = H or alkyl 



R2 



R2 



Fig. 11. Oxidation reactions with methine dyes 
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The most recent work reported on an optical sensor device for HP is based on 
this principle. A dye (Meldola Blue) is immobilized in a sol-gel layer placed in 
a flow-though cell (detection range 10'^ to 10'^ M HP) [32]. This technique was 
developed for industrial applications but some problems remain to be solved. 
The sensor did not show reversibility on simple change of HP concentration. 
Only on addition of reducing agents such as Na2S202 the is response reversed. 
However, the relative signal change decreased as a result. Furthermore, the dye 
is leached (up to 4% within 4 h!) and the sensor suffers from pH sensitivity, so 
that solutions have to be adjusted to pH 7 to obtain reliable results. Consequent- 
ly, the reported sensor is currently not industrially applicable. 

A simple but not very sensitive method works on the principle of oxidation 
of iodide to give the colored iodine. This has been performed in a cuvette over 
a HP concentration range of 2.3 x 10'^ to 1.5 x 10'^ M. At higher concentrations 
there is the risk of precipitation of iodine. Interferents include oxidizing agents 
(chromate and permanganate) and substances reacting with iodine such as 
unsaturated organic compounds. Molybdates were used as catalysts [33]. 



3.4 

Formation of a Colored or Fluorescent Complex 

The first step in this method is a reduction of the central atom of the complex 
to be formed. In the second step, the reduced species forms a complex with 
another reactant. For example, the reaction of copper(II), HP and 2,9-dimethyl- 
1,10-phenanthroline (DMP) forms a copper(I)-DMP complex (Fig. 12). This 
copper(I)-DMP complex can be determined directly by spectrometric meas- 
urements. This method displays a linear range of 1 x 10'^- 1.2 x lO "^ M HP in a 
cuvette. The final absorbance remains constant over several days [34]. 

The formation of a Ti^"^- 4-(2-pyridylazo)resorcinol - H 2 O 2 complex and 
a N-(4’-hydroxyphenyl)-iV-(4-methylchinolinyl)amine- C 0 -H 2 O 2 complex has 
also been reported to be useful for the analysis of HP [35, 36]. 



3.5 

Destruction of a Dye 

The first experiments based on this scheme were performed with the fluoro- 
phore scopoletin (7-hydroxy-6-methoxycoumarin). It is destroyed in the pres- 
ence of HP with horseradish peroxidase as a catalyst. The decrease in fluores- 
cence is measured and related to the concentration of HP in the solution. Cal- 



$&,«## %')+ # (5*5 *► $&,!')+%# # $(# # 

Fig. 12. Formation of a copper(I)-DMP complex with absorption maximum at 454 nm 
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Fig. 13. Reaction of HP with iron(III)tris(l,10-phenanthroline) 
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ibration is performed by standard addition. This method is very sensitive and 
was developed for detection of HP in ground water. Results are strongly influ- 
enced by reducing substances [37]. 

A similar reaction is based on iron(III)tris(l,10-phenanthroline), where a 
reduction takes place in contrast to the usual oxidation. The amount of HP is 
detected by the reduction of the absorption of the Fe^'^ complex (Fig. 13). The 
assay is affected by the concentration of Fe(II), C0SO4, Hg^"^, Ag'^, Sn^"^ and by 
pH. The detection limit of this method in a cuvette is 4.5 x 10'^ M HP [38]. 

A similar method uses the fluorescence of thorium(III) in aqueous solution. 
The decrease of absorbance is caused by reduction of Th(III) to Th(I) with HP 
[39]. Methods have also been reported that correlate the reaction rate of dye 
destruction with the amount of HP [40]. 



3.6 

Chemiluminescence 

In chemiluminescence, the energy of a chemical reaction is released as light of 
a certain wavelength. The most popular reaction is the so-called luminol reac- 
tion (Fig. 14). 

Luminol (5-amino-2, 3-dihydro- 1,4-phthalazindion) is oxidized by HP in the 
presence of a catalyst. The reaction has a pH optimum of 10 to 11 and is cata- 
lyzed by a variety of metal ions and heme-containing enzymes; cobalt(II) being 
the most efficient inorganic catalyst. After the components are mixed, blue light 
(Amax = 440 nm) is emitted, the maximum chemiluminescence intensity being 
reached 2 s after mixing. This method is sensitive and consequently often used 
for environmental analysis ( e.g. analysis of rain water, gaseous HP detection in 
atmospheric samples, sea water analysis). The detection limit of this method is 
5 X 10'^ M and the linear range is between 5 x 10'^ and 5 x 10'^ M hydrogen per- 
oxide (measured in sea water) [41-46]. 

Not only luminol but also certain aryl oxalates give a chemiluminescent reac- 
tion with HP. Some of them emit more reddish light. Therefore, interferences 
due to fluorescence of the biological matrix can be reduced [47]. 

Instead of using a catalyst, the luminol chemiluminescence can also be 
induced electrochemically by anodic oxidation of luminol or HP at electrodes 
made from platinum, gold or carbon. These methods display an extremely low 
detection limit of 6.6 x 10"^^ M HP [48]. However, the strong passivation of the 
electrode surfaces and the high anodic potentials, which have to be applied 




Fig. 14. Luminol reaction 
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(resulting in a decreased selectivity) are serious disadvantages. This problem 
was solved by covering the electrode surface with a HP-permeable membrane 
[49]. 

Another luminescent detection method employs electrochemically generated 
hydroxyl radicals, which interact with hydrated terbium(III) cations adsorbed 
on the oxide-covered surface of an electrode (e.g. zirconium, tantalum), result- 
ing in a characteristic terbium(III) emission. This sensor shows a linear range 
between 10'^ and 10'^ M HP [50, 51]. 

Electroluminescent semiconductor optical sensors have also been reported. 
The electroluminescence arises from high energy OH® radicals formed by the 
electroreduction of HP on the electrode surface [52, 53]. 



3.7 

Indirect Measurement by Quenching of Fluorescence by Molecular Oxygen 

This method is based on the catalytic decomposition of HP on a catalyst immo- 
bilized in a polymer membrane, mounted on an optical oxygen sensor. The oxy- 
gen sensor detects oxygen by luminescence quenching of a fluorophore. With 
this system and the catalysts catalase and silver powder, concentrations of HP 
from 1 X 10'^ to 1 X 10'^ M can be monitored [54]. 

For industrial applications more robust catalysts such as platinum or man- 
ganese dioxide are preferable. A sensor using manganese dioxide as catalyst is 
reported which quantifies reversibly HP concentrations from 0.1 to 2% (0.03- 
0.6 M, i.e. the range for many industrial applications). Determination of lower or 
higher concentrations of HP should be possible, but has not been tested to date. 
The sensor membrane can be covered with chemically resistant membranes, 
which enhance the oxygen concentration in the oxygen-sensitive layer up to five 
times, compared to an uncoated sensor. It also protects the underlying mem- 
branes from being chemically attacked by the sample medium. The sensor can 
be tailored for many applications by varying the cover membrane. The response 
times of these sensors depends on the type of covering layer, with the shortest 
response times being similar to that of uncoated sensors {tgs is approximately 1 
min for a change from 0 to 0.2% by weight HP in water) [55]. 

4 

Conclusions 

While a vast number of methods exists for the determination of hydrogen per- 
oxide (HP), only a limited number of sensor systems are commercially available, 
all of which are electrode systems which display several limitations. Parameters 
of the sample solution (e.g. sample conductivity and presence of other chemi- 
cal species) may influence the sensor signals. Therefore for a given application 
it is necessary to tailor the sensor and the respective measurement conditions to 
allow precise analysis of HP. 

Direct spectroscopic methods appear to be the most promising alternative 
technique for the determination of HP in industrial applications. The detection 
of HP in the near-infrared region offers a robust and easy-to-handle method 
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for routine analysis in industrial solutions. The detection range of this meth- 
od (0.1 ->35% HP) covers the concentration range used in industrial process- 
es in general. There are spectrometers available for this technique. Furthermore, 
immersion probes are available which maybe connected to the spectrometer via 
glass fibers, allowing simple and effective on-line measurement. However, this 
method is restricted to a well defined matrix. Consequently, every new applica- 
tion or severe changes in the matrix demand a modification of the evaluation 
model. 

The detection of HP in the mid infrared displays a technically more sophis- 
ticated method, compared to the near infrared. But the method is more sen- 
sitive (detection limit of this method is 0.01% of HP) and, as the peaks in the 
mid infrared are more separated, the interference by the matrix is weak. More- 
over, mid-infrared spectroscopy offers the possibility of simple single spectrum 
multi-analyte detection. 

Indirect spectroscopic methods, displaying high sensitivity, seem to provide 
the best solution for the analysis of environmental samples. Detection limits as 
low as 10'^^ M HP have been reported. The majority of these methods are based 
on irreversible chemical reactions and consequently do not constitute real sen- 
sor systems. Test kits and test strips applying one of the described methods are 
commercially available, but do not fulfill many analytical needs, because they 
suffer from limited accuracy, inappropriate detection range, and matrix inter- 
ferences. Therefore, an appropriate method needs to be selected from the vast 
number of methods reported here and tailored to the specific analytical need. 
The selected method may subsequently be automated by applying a Flow Injec- 
tion Analysis (FIA) technique. 
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APTS (DNA binding) 128 
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array, biosensor 375-382 
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arrow waveguides 232 
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(ANN) 265 
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asthma 211,216 
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(ATR) 149, 394 
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(ATR) 362 

attenuation 174, 196, 198 
autofluorescence 73, 75, 79, 85 
automated 378-380 
avalanche photodiode (APD) 317 
avidin-biotin 372 
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B. anthracis DNA 128, 134 
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- multifunctional biochip 134 
B. globigii 131 

B. globigii detection 

- ELISA 136 

- protocol 131 

- schematic diagram 131 

Bac 813 gene {B. anthracis) 128 
Bac 816 gene {B. anthracis) 132 
Bacillus globigii 112-114 
back-bonding 319 
background 70, 74-76, 79, 85-86 
background correction 85 
background signal 209 
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bacterial pathogens 145 
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bayes methods 88 
beverages 348 

biconically tapered optical fibre 274 
binding see immobilization 
biochemical oxygen demand 15 
biochip 67,121 
biocide 209,211,212,215 
biodetection 93, 104 

- classical methods 97 

- optical methods 97, 1 10 
biofluidics system 126, 137, 139, 140 

- £. co/z detection 138 

- FHIT protein detection 139 

- schematic diagram 126 
biofouling 333, 345 
bioinformatics 82 

- software 70,83,84 
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(BOD) 332,348,349 
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biomimetic chemistry 36 
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biomolecular recognition ele- 
ments 160 

biosensor 16,121,359-390 
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biotin 372 
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328,329,334,338 
blocking 76, 79 
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blood bacteria detection 29 
blood gas analyzers 22 
blood gas monitoring 29 
blood-gas analysis 330, 344 
bone cement 219 
botulinum toxin 167 
bromine 219 

bromothymol blue (BIB) 329, 349 
Bronsted Lowry definition 281 
buffer solutions 296 



C 

calcium sensor 350 
calibration 207, 208, 2 1 0-220, 224, 
299 

calibration of humidity sensors 277 
calorimetric methods 392 
capacitive sensor 255 
capture biomolecules 368-371, 382- 
383 

carbodiimide (DNA binding) 128 
carbon dioxide 223 
carbon dioxide sensors 329 
carbonated beverage produc- 
tion 223 

6-Carboxyfluorescein 329 
carcinogenic compounds MIP-based 
optical sensing 45 
cardiopulmonary bypass 21 
carpet coatings 218 
catalytic sensors 22 
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CCD (charge-coupled device) imag- 
ing 104,109-111 
cellulose 254, 26 1 , 262 
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348, 366, 367, 380-382 
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chemical reactions for detecting neu- 
tral analytes 53 

chemical transducer 173, 174, 198 
chemical transduction 281 
chemically resistant mem- 
branes 406 

chemiluminescence 405 
chemiluminescent analyser 208, 
216,218 

chemometric methods 396 
chilled mirror hygrometer 256 
chip read-out 76 

- see also imaging 
chloride sensors 349 
chlorinated hydrocarbons 8 
chlorine 217,319 

chlorine dioxide 206, 207, 215-216 
cholesterol sensor 348 
chromophore 194, 195 
chromoreactand 53, 56, 64 
cigarette smoke 209 
cladding 196, 197, 198 
Clark electrode 332 
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CMOS process 123 
C03O4 films 263 
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(CoCl2-6H20) 261 
coefficient of variation 87 
colorimetric reagent 204 
colourimetric reagents for humidity 
sensors 261 

commercial chemical sensors 29 
commercial instrumentation 28 
commercial SPR sensors 157 
compensation 204-207, 212-213, 
217-218,221-222 
competitive binding assay 46 
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conductor (CMOS) camera 367, 
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HP 392 
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confocal microscopy 36 1 , 384 
conjugation 186 
continuous monitoring 223-224 
control(s) 85-86, 88 
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copolymer membranes 58 
copper (II) 220, 225 
cost 203,204,206,216,222 
coulometric method 257 
covalent attachment 284 
covalent binding 323 
covalent immobilisation 284, 295 
covalent molecular imprinting 37 
critical care monitoring system 28 
crosslinker 40,41 
cross-sensitivities 207, 211-215, 
217-219, 221,222 
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crystal violet 263, 264, 265, 

Cu(II) complex 176 
cuvettes 398 
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130,134,135,137,139,140 
Cy-5 labeled DNA 127, 128, 132, 133, 
134, 135 

cyanine dyes 191, 263 
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lens 367 

dansyl-phenylalanine MIP binding 
assay 47 
data logging 206 
davisil 212 
DDAO 132, 136 
DDAO-P 132, 135, 136 
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dechelation 326, 337 
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- Aptamers 96 
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sors 161 

detection limit 85 
detection of chemical contami- 
nants 166 

detection of microbial patho- 
gens 168 

detection of toxins 167 
detector 76, 82 

- PMT 76, 82-83 
dew point 253 

dew point sensor 255 
diaminofluorene 211-213,217 
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2,4-dichlorphenoxyacetic acid MIP- 
based sensor 46, 47 
difference interferometer 276 
diffraction grating 364, 367 
diffractive optic 125 
Diffusion 283 
diffusion filters 207, 213, 221 
diffusive sampling 203-214, 209, 

220 

digital image analysis 112 
dimethylcyclohexylamine 180, 186 
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213,221 

4,4’-Diphenyl-2,2’-bipyridine 
(dib) 349 

4,7-Diphenyl- 1 , 1 0-phenanthroline 
(dip) 311,315,322,334,338 
direct detection 161 
disposable sample preparation 105- 
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distributed sensing 196, 197 
distributed sensors 198 
DNA 361,370,375,382-383 
DNA/Antibody combined assay 131 
DNA binding 127 
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DNA probe 127 

- B. anthracis 128 

- Preparation 127 
dosimeters 203-226 

dry reagent chemistries 2 
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(DLR) 17,60,330 
dye(s) 69,81,83,86 

- see also label 

dynamic measurement range 284 
dynamic range 83 
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E. coli 129, 134 

E. coli detection via antibody probes 

- biofluidics 138 

- calibration curve 133 

- multifunctional biochip 134 

- sandwich immunoassay 129,138 

- sandwich immunoassay, schematic 
diagram 129 

early history 2 
electric hygrometer 253 
electrochemical induction 405 
electronic addressing 70, 73 
electrostatic attraction 284 
ELISA 131,135 

ELISA protocol {B. globigii detec- 
tion) 131 

ELISA, schematic diagram (B. globigii 
detection) 131 

emission lifetime 316, 322, 330, 340 
emission quantum yield 314, 324, 
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endoscopes 211 

energy transfer 325, 329, 330, 342, 
349 

engineered tissue 26 
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entrapment 294, 371 
environmental analysis 405 
enzyme activity 397 
enzyme-based biosensors 15 
epitope approach 39 
eriochrome Cyanine R 220, 225 
error 208,221,222 
erythrosine B 265 
escherichia coli 168 
escherichia coli entero toxin 169 
ethanol sensor 348 
ethyl cellulose 24, 216 
ethyl cyanoacrylate 219 
ethyl violet 263 
ethylcellulose 342 
ethylene glycol dimethacrylate 
(EDMA) 41 
evanescent field 196 
evanescent field sensing 227 
evanescent wave 1 77, 363, 365, 367 
evanescent wave technology 76 
excitation of surface plasmon-polari- 
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excited state lifetime 315,317, 324 
exhaled breath 220 
exposure standards 204, 209, 211, 
212,215,217,218, 223 
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Fabry-Perot cavity 276 
Fabry-Perot filter 275 
Fabry-Perot interferometer 237 
FDP 135 

fermentation 332, 345, 348 
FHIT protein 130, 139 
FHIT protein detection 139 
fiber optic MIP-based sensor for 
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fiber optic SPR sensors 160 
fibre optic sensors 174 
fibre-optic humidity sensors 261 
filter transmission spectra 298 
fingerprints 219 
flagging 84 
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strips 398 
fluidics 374, 378-380 
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fluorescein-doped PMMA films 269 
fluorescence 367, 368 

- Direct Fluorescence Assay (DFA) 
97,114 

fluorescence decay time 1 7 
fluorescence resonance energy trans- 
fer 78-79 

fluorescence scanner 69, 76 

- see also imaging 
fluorescent label see label 
fluorinated polyimine 273 
fluoro-ionophores 12 
fluorophore 77-79, 81 
fluoropolymer 176, 180 
fluororeactand 62 

food analysis 330, 332 
food safety 145 
food storage 330 
formaldehyde 206, 207, 209-212, 

221 

formaldehyde resins 209 
formalin 209-210 
formation of a colored complex 404 
formation of a dye 399 
formation of a fluorescent com- 
plex 404 

FRET see fluorescence resonance 
energy transfer 
frost point 253 
Fujiwara reaction 8 
fumonisinBl 167 
functional monomer 40, 4 1 
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gangliosides 370 
gas monitoring 173 
gas rigs 207-208 
gastric carcinoma cells 130 

- MKN/E4 cell line 130,140 

- MKN/FHIT cell line 130, 140 
gelatine 261, 262, 271, 274 
gene chips 121 

gene expression 67, 68, 87 
gene expression profile 100 
genotyping 67 
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glass-reinforced plastics 218 
global normalization 86 
glucose sensor 348, 350 
glutaraldehyde 206-207, 211-216, 
221 

glutaraldehyde (DNA binding) 128 
GOPS (DNA binding) 12 
grain silos 223 
grating coupler sensors 145 
grating-based SPR sensors 158 
gravimetric humidity sensors 257 
grid 83 

guide dots 83-84 
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halothane 22 
heat treatment 209 
heavy metals 12 
historical overview 1 
home pregnancy tests 98 
horseradish peroxidase 135, 399 
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house-keeping genes 86 
HP application 
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HP stabilisation 391 
HP titration 392 
HPLC 208,209,212 
humectants 219 
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211,215,220-221,252 
humidity sensors 349 
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tion 
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- cross- 70, 75 

- non-specific 85 

- unspecific 80 
hydrogels 23 

hydrogen chloride 173, 175, 180, 198 
hydrogen sensing 8 
hydrogen peroxide HP 391 
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hydroxyl radical 398 

4- Hydroxy- 1 , 1 0-phenanthroline 328 

5 - Hydroxy- 1 , 1 0-phenanthroline ( 5- 
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films 264, 268 

8-Hydroxypyrene- 1 ,3,6-trisulphonic 
acid (HPTS) 330 
hygrometry 252 
hysteresis 261, 262, 265, 272, 274 
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1C microchip 8x8, schematic dia- 
gram 124 
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- hierarchical methods 84 
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image-based analysis 104 
imaging 26, 76, 82 

- fluorescence microscope 82 

- charge-coupled device (CCD) cam- 
era 76,82 

- laser scanner 82 

- fluorescence scanner 76 
immobilization 73, 75, 80, 284, 371- 

372 

- capacity 73, 75 

- covalent 73, 74, 371-372 

- non-covalent 75 
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immobilization of biomolecular rec- 
ognition elements 160 

Immoblon-P membranes (protein 
binding) 130 

immunoassay 95-96, 368-369 

- Enzyme Linked Immunosorbent 
Assay (ELISA) 97-98 

- lateral flow assays 98 
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indicator 174, 181, 183, 186, 195, 197, 
198, 281 
indicators 

- acid-base 281 
indicator probes 5 
indigo 216 

indirection measurement by quench- 
ing 406 

indium-tin oxide 204 
indoor monitoring 221 
infectious disease 93 

- Bacillus anthracis 101 

- HIV/AIDS 93 

- influenza 93,114-117 

- methods of detection 97 

- orphan pathogens 94 

- rapid diagnostics 93 

- respiratory virus 94, 1 06, 1 1 4- 1 1 7 
Staphylococcus aureus (MRSA) 93 
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ink-jet printing 374 
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(lOW) 265, 364, 365, 367 
integrated-optical SPR sensors 159 
intelligent signal processing 221 
interference 206-207, 211-215,217- 
219, 221-222 

interferometric sensors 227, 235, 

237 

interferometry 363-365 
internal reflection element 
(IRE) 364 
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intracellular measurements 347 
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ion-exchange chromatography 321 
ion sensing 

- MEDPIN 11 
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ionic strength 11, 283, 297, 302 

- low 281,283,303 
irritation 218 
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kinetic model of biomolecular inter- 
actions 162 
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L 

label free sensor technologies 145 
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79-81,86 
lab-on-chip 67 
lactate mono-oxygenase 15 
langmuir-blodgett films 24, 271 
laser diode (LD) 190, 191, 317 
lasers 360, 364, 365, 367 
leaching 284, 333 
ligand 175, 176, 178, 179, 180, 195, 
370-371 

ligand photosubstitution 316 
light emitting diode (LED) 205-206, 
208, 211, 213, 218, 222-225, 317, 

343, 346, 347, 360, 365 
light-directed synthesis 70, 7 1 
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liquid crystal display 206 
listeria monocytogenes 168 
lock-in amplifier 206 
log ratio 85 
log 2 transformed 85, 87 
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339 

luminescent regents for humidity 
sensors 268 

Luminex LX 100 Flow System 101- 
103 
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M 

Mach-Zehnder interferometer 235, 
238,275,364 
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Mannich reaction 284, 295 
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mass spectrometry 321 
materials for optical sensors 23 
matrix interferents 360, 377 
maximum exposure limit 
(MEL) 209,211,212,218 
m-cresol purple 223 
mechanical hygrometer 253 
metal complexes 175 
metal-centred state (MC) 316, 331 
metals of environmental concern 43 
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(MLCT) 312, 315, 325, 328, 330, 
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methacrylic acid (MAA) 40 
methyl methacrylate 219 
methylene blue 265 
microarray 67 
microarray technology 94 

- Fixed arrays 99 

- Liquid arrays 101-103 
microbead materials 118 
microfabrication 360, 36 1 
microporous FIFE 59, 60 
microporous Si 02 -Ti 02 

waveguides 276 
microprocessor 207, 22 1 
microsensors 15 

miniaturization 360, 365, 378, 380- 
382 

MIP immunoassay-type applica- 
tions 47 

MIP, see molecularly imprinted pol- 
ymers 

MIP-based optical sensing applica- 
tions 43 

MIP-solid phase extraction 43 
mixing ratio by volume 252 
MKN/E4 cell line 130, 140 
MKN/FHIT cell line 130, 140 
modulation frequency 317 
molar absorptivity 1 76, 1 83, 1 90, 

191 

molecular engineering 311 
molecular imprinting 36 
molecular imprints 23, 25 
molecular recognition 35 
molecular sieve 219 
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monitoring, continuous 360 
monomode waveguides 23 1 
MS2 bacteriophage 112-114 
multi-analyte 375-377 
multi-analyte badges 206, 22 1 
multi-analyte sensing 22 
multi-functional biochip 121, 122, 
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- schematic diagram 122 
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System (MIDS) 104 
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fluoroacetyl-azobenzene (ETHT 
4001) 263 
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N- 1 , 1 0-phenanthrolin-5-yloctadecan- 
amide (5-odap) 322 
nafion 263, 264, 265, 272, 316, 328, 
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nanoparticles 17, 77, 78 
nebulising 207 
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NiO films 263 
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nitrogen dioxide 203, 206, 207, 208, 
213,217-218,221 
nitrogen oxide 8 
n-octanol-water partition coeffi- 
cient 55 

non-covalent imprinting 38 
non-covalent imprinting of fluores- 
cent metal chelates 44 
non-radiative decay 222 
normal hydrogen electrode 
(NHE) 318 
normalization 86 
N-phenyl- 1 , 1 0-phenanthrolin-4- 
amine (phhp) 327 
nuclear magnetic resonance 
(NMR) 321 

nucleic acid (DNA/RNA) 361, 370, 
375,382-383 
nylon 329 

nylon membrane (DNA bind- 
ing) 128 

O 

occupational exposure standard 
(OES) 215,217 
odour elimination 216 
0-H deformation vibration 394 
0-H stretching vibration 394 
optical absorption hygrometer 256 
optical absorption length 222 
optical artificial noses 64 
optical fibre 1 74, 1 96, 1 97 
optical fibre bundle 284, 296 
optical insulators 6 
optical pH sensors 283 
optical read-out 76 
- see also imaging 
optical time domain reflectome- 
try 22 

optical transduction 361-368 
optical waveguides 229 
optical-time-domain reflectometer 
(OTDR) 263 

organic volatile compounds 48 
organogels 271 
ormosils 338, 347 
o-tolidine 217-218 



overtone 396 
oxidation of leuco dyes 402 
oxidative coupling reaction 399 
oxygen cell 4 
oxygen flux analysis 344 
oxygen imaging 344, 346 
oxygen monitoring 309, 332, 344, 
345 

oxygen optode 346 
oxygen sensing 

- pH sensing 3 
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- kautsky effect 3 
oxygen sensor 319, 325, 331 
oxygen solubility 341 
oxygen- sensitive paints 27 
ozone 203, 206, 207, 208, 216-218, 

221 
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packaging materials 218 
paper mill 397 
paper pulp 395 
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passive devices 207 
Pd-porphyrins 271 
peptide molecular imprinted poly- 
mers 39 

peristaltic pump 296 
perylene dibutyrate 268 
perylene tetracarboxylbisimides 62 
perylenetetracarboxylic acid bis-imi- 
des (PTCABs) 268 
pesticide detection 246 
pH 281 

- indicator 220, 223, 328 

- measurement 281 

- optode 329 

- sensor 9,11,330 
phase lag 222 

phase-sensitive detection 316, 330, 
349 

phase-sensitive luminescence 272 
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312,322, 328,334,337,338 
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l,10-Phenanthroline-4,7-diol 
(dhp) 328 

phospholipids sensor 348 
photoacoustic spectroscopy 205, 
222 

photobleaching 1 7, 297, 302 
photochemical smog 216 
photochemistry 324 
photodegradation 316 
photodiode 365, 367 
photoinduced electron transfer 
(PET) 23,46,318,325 
photolithographic fabrication 100 
photolithographic patterning 373- 

374 

photometric sensors 174 
photomultiplier tube (PMT) 367 
photoresist technology 107-108 
photosensor array 4x4 135 

Phycoerythrin 103 
physically isolated patterning 374- 

375 

Pierce-BCA Assay 130, 140 
piezoelectric 204 
piezOptic 203-226 
planar waveguide 375 
plastic type co 2 -sensor 8 
plasticizers 25, 336, 338 
plastics production 219 
polarisation interferometer 239 
polarity-sensitive dyes 12 
pollutant 207, 360 
pollutant composition 210 
poly (vinyl chloride) 24 
poly(4,4’-diphenylaminep- 
heptyloxy)benzylidene 
(PDPAHB) 265 
poly(4,4’-diphenyliminep- 
hetyloxy)benzylidene (PDPl- 
HB) 265 

poly( acrylonitrile) 331, 350 
poly(diallyldimethyl ammonium 
chloride) (PDDA+) 276 
poly(dimethylsiloxane) 335, 342 
poly(ethylene oxide) (PEO) 
films 263, 273, 274 
poly( ethylene terephthalate) 24 



poly(methylmethacrylate) (PMMA) 
films 263, 264 

poly(sodium 4-styrene sulfonate) 
(PSS) 276 

poly( vinyl acetate) 329 
poly( vinyl alcohol) 349 
poly(vinylchloride) (PVC) 263, 329, 
334, 342, 347, 349 
polyanilines 24 
polycyclic aromatic hydrocarbons 
(PAH) 317,333 

polydimethylsiloxane (PDMS) 366, 
374 

polyethyleneglycol 216, 219 
poly-fluorinated polymer 272 
polyisobutylene 207, 215-216, 218 
polymer composition 39 
polymer matrix 180 
polymerase chain reaction 
(PCR) 95 

polymerizable metal chelates 43 
polymethine dyes 1 8 1 , 1 94 
polypropylene cup 295 
polypyrroles 24 

polystyrene 334, 340, 342, 346, 347 
polyurethanes 24, 207 
polyvinylidene fluoride 204-205, 
207-208,222-224 
polyvinylpyridinium tribromi- 
de 219 

porogenic solvents 42 
portable 360,378 
portable 1C biochip 140 

- photograph 141 
potassium sensor 349 
potentiometric determination of 

HP 392 

PPP MO method 193 
precision 300 
pregnancy tests 28 
pressure-sensitive paints 26 
primary standards 277 
print buffer 75, 80 
print-tip effects 86 
prism coupling 364, 365, 367 
probe(s) 

- biomolecular 69, 70, 80 
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probe heads 299 
protein 377 
protein chips 121 

protein molecular imprinted poly- 
mers 39 

proton transfer 326, 329 
psychrometer 253 
PIPE 207 

p-toluenesulphonic acid 220 
Pt-porphyrins 271 
P VC matrix 177,191 
pyrazino [2,3-/] quinoxaline 
(tap) 327 

pyrene MIP-based sensor 45 

4- Pyren- 1 -yl-2,2’-bipyridine (py- 
bpy) 318 

5- Pyren- 1 -yl- 1 , 1 0-phenanthroline 
(py-phen) 318 

pyrogallol 221 

Q 

quantum dots 77, 78, 79, 1 19 
quantum-chemical calculations 193, 
194 
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radical initiators 42 
reactands 51 

reagent packing / storage 107 
receptor 370-371 
receptor molecules 36 
redox potentials 318 
referenced response 299 
reflectance 20, 297, 362 
reflectance measurements 59 
reflective cladding 378-379 
reflectivity of thin Aims 275 
reflectometric interference spectros- 
copy 76 
reflotron 28 
refractive index 362 
refractive index variations 273 
Reichardt’s dye 263 
relative humidity 252 
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chip 133, 134 
remote sensing 173 
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reproducibility 75, 79, 86-87, 190 
resistive humidity sensor 255 
resonant mirror sensor 145 
respiratory problems 209 
respiratory stimulation 223 
response time 176, 177, 178, 181, 
186,191,196,223,283,284,303 
reversibility 1 75, 1 76, 1 77, 1 86, 1 89 
reversible chemical reaction 53 
rhodamine 6G 265, 268, 27 1 
rhodamine B 264, 265 
Rifs, see reflectometric interference 
spectroscopy 
rigidochromism 316 
RNA 370, 382-383 
room temperature phosphorescence 
(RTP) sensors 271 
room temperature vulcanization 
(RTV) 335,339 
rose Bengal 220 
rubber tyres 218 
ruthenium complexes for humidity 
sensors 272 

ruthenium ligand complexes 6 
ruthenium trichloride (RuCb) 319, 
320 
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salinity 20 
salmonella 168 
sandwich assay 162 
sandwich immunoassay 

- E. coli detection 129 

- schematic diagram 129 
scavenger packs 209 
screening tool 118 
seawater salinity sensor 350 
secondary devices 277 

SEE, see surface-enhanced fluores- 
cence techniques 
selectivity 213 

selectivity of chemical reactions 55 
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(SAM) 371 

self-assembly molecular imprint- 
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self-plasticised copolymers 58 
sensing alcohols 59 
sensing aldehydes 62 
sensing amines 53 
sensing films 299 

- longevity of 301 
sensing mechanism 1 74, 1 78 
sensitivity 68, 70, 75, 77, 79, 82, 85- 

86,189,191 
sensor for HS A 15 
sequencing-by-hybridization 69 
short-term exposure limit 
(STEL) 206,219,223 
signal-to-noise ratio 83, 85 
silanization 127, 372 
silica 207, 209, 212, 215-216, 220 
silica matrix 181 

silicone 330, 334, 336, 339, 340, 346, 
349 

silicone rubber 174, 178, 195 
silver nitrate 209, 220 
simazine 167 
singlet oxygen 337 
slide(s) 73 

“Snap in” cartridge 140 

- photograph 141 
sodium sensor 350 

sol-gel 24, 176, 207, 209, 215, 218- 
221,225,337, 347, 348 
sol-gel film 265,271,272 
solid matrix 173, 178, 189, 195, 196, 
198 

solid polymer electrolytes 
(SPE) 265 
solvatochromism 56 
soman 46 

sources of variation 86 
specific humidity 252 
specificity 68, 70, 85-86 
spectrophotometry 203, 208, 215 
spectroscopic 281 
spectrum of aqueous HP 393 
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